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Abstract 
Ever more packing of transistors into integrated circuits (ICs), in order to achieve 
higher processing powers, signifies the problem of cooling of hot spots, which 
are generated during the operation of these electronic systems. Without any 
proper thermal management, the temperatures of these hot spots can significantly 
rise, thus reducing the expected life and reliability of the ICs. Many methods 
have been introduced as cooling solutions for such hot spots, including those 
which use microfluidics. Thermal management using microfluidics is still facing 
substantial challenges. Conventional microfluidic based systems are not effective 
in cooling denser ICs as they are limited due to the general low thermal 
conductivity of conventional liquid coolants. It has been demonstrated that 
incorporating suspended nanoparticles in liquid, and forming the so called the 
“nanofluids”, overall thermal conductivity of the liquid can be enhanced. 
However, still many issues yet to be addressed including a comprehensive 
understanding of the cooling effect in microfluidics, concentration limitation of 
the nanoparticles that cannot exceed 10% w/w, and the limitations posed by the 
materials used for making the microfluidic structure itself. In this research, the 
PhD candidate uses novel methods to tackle the aforementioned challenges for 
cooling hot spots using microfluidics. A novel infrared imaging method is used 
for a thorough understanding of the thermal effect of nanofluids in microfluidics. 
A creative magnetophoresis method is used for locally increasing the 
concentration of nanoparticles near the hot spots to enhance the efficiency of the 
thermal energy exchange between them and liquid flow. Eventually, 
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nanoparticles with high thermal conductivity are incorporated into the body of 
the microfluidic structure to increase their thermal conduction.  
In the first stage, the PhD candidate demonstrated the heat transfer 
analysis of thermally conductive alumina (Al2O3) nanoparticles suspended in 
distilled (DI) water for cooling of a microfluidic channel. Infrared imaging was 
used for investigation the temperature contours. The thermal analysis of the 
liquid suspensions was studied at various concentrations and at flow rates as 
large as 120 µl min-1 corresponded to low Reynolds numbers of less than 17.5, 
reflecting practical parameters for a microfluidic cooling platform. The heat 
transfer analysis of nanofluids has never been investigated in such a regime, due 
to the deficiencies of conventional thermal measurement systems. The infrared 
camera allowed non-contact, and high resolution capability for temperature 
profiling.  
In the second stage, the PhD candidate developed a novel concept to cool 
a hot spot in a microfluidic system based-on dynamically formed nanofin heat 
sinks from chromium oxide (CrO2) nano-rods using a magnetophoretic 
technique. CrO2 nanoparticles were chained and docked onto the hot spots; 
established tuneable high-aspect-ratio nanofins for exchanging heat between 
these hot spots and the liquid coolant. These nanofins could also be grown and 
released on demand, absorbing and releasing the heat from the hot spots into the 
microfluidic system. It showed that both high aspect ratio and flexibility of the 
nanofins had dramatic effects on increasing the heat sinking efficiency.  
In the third stage, the PhD candidate continued the previous work by 
investigating the nanofin heat sink structures using different morphologies of 
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CrO2 and iron oxide (Fe2O3) magnetic nanoparticle. The thermal imaging were 
used for comparison of the three cases including: (i) DI water as the coolant 
liquid, (ii) suspension of magnetic particles in DI water, and (iii) suspension of 
magnetic particles in DI water in the presence of a magnetic field. Results proved 
that the high thermal conductivity of the nanofins comprising CrO2 significantly 
enhanced the heat exchange across the microchannel. Additionally, the smaller 
size of Fe2O3 nanofins could transfer heat more efficiently in comparison to 
larger once. 
In the last stage, the PhD candidate introduced a solution for enhancing 
the thermal conductivity of polydimethysiloxane (PDMS) based microfluidics by 
introducing thermally conductive Al2O3 nanoparticles, forming PDMS/Al2O3 
nanocomposites microfluidic systems. The nanocomposites were fully 
characterized for different concentrations of Al2O3 in PDMS for experiments 
which were conducted at different flow rates. The outomes suggested that 
incorporation of Al2O3 nanoparticles at 10% w/w, significantly enhanced the heat 
conduction from hot spots by enhancing the thermal conductivity, while 
maintaining the flexibility and decreasing the specific heat capacity of the 




In summary, the PhD candidate believes that these studies provided an in-
depth analysis of a few novel cooling techniques in microfluidics using 
nanoparticles. The PhD candidate also believes that the presented proof-of-
concept methods will offer practical cooling solutions for future microelectronics 
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1.1 Motivation and objectives 
 
Advances in technology are now leading towards a greater number of high 
power density and speed microelectronic devices to be packaged into 
microchips. This, in return, is constantly increasing the heat produced per 
unit area of the microchips, resulting in overheating and producing 
unfavorable hot spots, which leads to the deterioration of their performance 
[1-3]. Consequently, efficient hot spot cooling is essential for maintaining 
the operational performance and reliability of advanced and high power 
microchips [4, 5]. Cooling of microchips is now a major challenge facing 
the development of future electronic components [6, 7]. 
Cooling systems for microchips are conventionally based on fin 
structures that are utilized to increase the contact surface area of circulating 
air or liquid coolants. However the ever-increasing transistor packing 
density in microchips, which is associated with more hot spots, is pushing 
the limits of such traditional cooling systems. To achieve more effective 
cooling, researchers are exploring alternative methods, particularly for high 
heat flux hot spots. Much research has been carried out on engineering the 
geometry of circuits and coolant channels to create two and three 
dimensional (2D and 3D) structures with enhanced heat exchange [8-10]. It 
is also possible to increase heat transfer rates by the incorporation of high 
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aspect ratio microfins, which are permanently etched into the microchip 
substrates, by patterning highly thermal conductive carbon nanotube (CNT) 
bundles, which are formed on the chip surfaces [11, 12],  or even using 
active methods such as Peltier coolers [13, 14]. All of the aforementioned 
approaches, however, are either costly (high aspect ratio silicon microchip 
etching), incompatible with silicon industry standards (CNT growth at high 
temperatures deteriorates silicon chips) or yet to exceed the desired 
efficiencies (Peltier coolers) [15]. Another recently explored approach is to 
use thermally conductive liquid metal coolants driven by digital 
electrowetting [16, 17]. However, liquid metals are expensive, hazardous 
and there are serious technological issues associated with handling them.  
In the early 1980s, Tuckerman and Pease carried out experiments to 
demonstrate the thermal performance of liquid microchannel heat sinks 
(MCHSs) [18]. This seminal work shaped a new field of research for cooling 
of microscale electronic devices; especially in large integrated circuits. The 
idea of implementing MCHSs was revolutionary for its time. In comparison 
to the fluid cooling systems of that time, the MCHSs allow for more 
efficient heat transfer between the cooling liquid and hot-spots, they require 
much smaller amount of liquid coolant, liquid can be brought to its cool 
state much easier, and more surface area is available for an efficient heat 
transfer [19, 20].  
However even though MCHSs are fairly prevalent today, they still 
require further development due to the intrinsic poor thermal conductivity of 
conventional fluids. Another important issue is the thermal properties of the 
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materials being used for constructing the microchannels themselves. These 
materials can participate in the thermal management and cooling of the hot 
spots, enhancing or worsening the eventual thermal management. Their 
choice, design and implementation are very important in microfluidic 
cooling systems.   
In this PhD research, the author has made an informed decision to 
focus on cooling of hot spots via microfluidic channel heat sinks and 
improving their thermal performance by addressing the aforementioned 
challenges, which will be detailed in the next section.   
 
1.1.1 Nanofluids for cooling 
The term nanofluids, which introduced by Choi [21], was used for 
describing stable suspensions of nanometer-sized particles with average 
dimensions of  less  than 100 nm in conventional fluids such as water, 
ethylene glycol or oil. Because nanoparticles such as alumina (Al2O3), 
copper oxide (CuO), and titanium dioxide (TiO2) have higher thermal 
conductivities than the base fluids, even at low concentrations, it is believed 
that nanofluids offer key potential benefits to MHCSs [22-25].  
The concept of applying nanofluid coolants in MCHSs has been 
investigated by different groups [22, 25-28]. However, most studies have 
been performed at high Reynolds numbers ranging from 100 to 2000 [22, 
29, 30], corresponding to either MCHSs with large dimensions or high flow 
rates. The main technical challenge hindering the operation of such systems 
is their incompatibility to emerging miniaturised electronic systems, as they 
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need large reservoirs and powerful pumps, which defy the purpose of 
miniaturisation and energy efficiency.  
Another issue that has been a serious impediment in exploring the 
thermal properties of microfluidics with nanofluids has been the lack of 
suitable methods in measuring temperatures. Thermocouples and thermistors 
are elements that commonly used to measure the temperature of fluids in 
microfluidics. They have been widely used by patterning metals 
incorporated into microchannel [31-33]. Nevertheless, such elements can 
only be patterned at limited predetermined locations of the microchannel. 
Their measurement is restricted to two dimensional surfaces, and one cannot 
measure the temperature of three dimensional structures accommodating the 
microchannel. Moreover, thermocouples require extensive wiring. To solve 
such problems, temperature-dependent fluorescent dyes have been used for 
the detection of fluids’ temperatures in microfluidics [34-36]. However, this 
technique might change the thermophysical properties of the fluid, 
deteriorating the accuracy of measurements.  
Nanofluidics investigations have so far been riddled with practical 
difficulties. Studies on the thermal characteristics of nanofluids has been 
mostly based on either pure experimental work [23, 37, 38] or pure 
theoretical calculations [27, 33, 39], which have been incapable to 
comprehensively demonstrate the performance of such systems.  
In the first stage of this PhD research, to overcome the 
aforementioned challenges, the author made an informed decision to carry 
out a comprehensive thermal characterization of nanofluids in microfluidic 
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systems with suspended high thermal conductivity nanoparticles such as 
Al2O3. The focus will be on microfluidics of low Reynolds numbers, their 
design and implementation. The influences of the Al2O3 concentrations and 
flow rates of nanofluids on the thermal management of the systems will be 
assessed.  
In order to avoid the conventional temperature measurement 
problems with the designed microfluidics, the PhD candidate decided to 
apply high resolution infrared (IR) cameras. The IR camera interfaces with 
real-time, is used to capture the variation of temperatures across the systems.  
The outcomes of the aforementioned points will be comprehensively 
presented in chapter 2.  
 
1.1.2 Nanofin heat sinks for cooling 
An advantage of dealing with suspended nanoparticles is that they can 
potentially move independently of the flowing liquid [40-42].  This feature 
is favourable as, by applying a force the nanoparticles can be directed to 
desired locations (such as around a hot spot) and their localized 
concentrations can be tuned. As such, it can be hypothesised that by exerting 
the right forces, thermally conductive nanoparticles can be moved and 
placed around the hot spots to locally remove the heat. Ideally, these 
nanoparticles should remain in intimate contact with each other to allow an 
efficient exchange of heat phonons between them and the liquid coolant. 
Additionally, after removing the force, the locally concentrated 
nanoparticles can be released, simultaneously removing the locally stored 
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heat. Another important feature of suspended nanoparticles is that they can 
be aligned along the exerted force field lines [42]. Hence, nanoparticles can 
self-assemble desired structure, such as micro/nanofins, and remain in 
intimate well-ordered contact with one another to promote the propagation 
of phonons with least scattering and the highest exchanges of heat with the 
liquid environment.  
Among nanofluids are ferrofluids that consist of nano-scale magnetic 
particles in a non-magnetic liquid, and have been widely used for cooling of 
microelectronic devices [42-45]. Such ferrofluids consist of magnetic 
nanoparticles with highly thermally conductive nanoparticles. In this case, 
the suspended magnetic nanoparticles can be manipulated by external 
magnetic fields to enhance heat transfer along the well aligned magnetic 
nanoparticles. Microelectromagnets can produce high gradient magnetic 
fields in order to guide the target magnetic particles [46, 47]. The application 
of ferrofluids, however, has its own problems and impracticalities. Clogging 
of the microfluidics and also the efficiencies which are still not sufficient for 
many hot spot cooling applications, have been the major impediments in this 
case. 
 In this PhD research, the author’s plan is to increase heat transfer 
rates of nanofluids by dynamically and on demand form bundle of 
nanoparticles directly onto hot spots in microfluidic systems. In this case, 
magnetic field is chosen to direct chromium II oxides (CrO2) magnetic 
nanoparticles to dynamically docked chains onto hot spots. CrO2 is chosen 
as it is both a thermally conductive and a strong magnetic material. The 
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author hypothesizes that such structures can efficiently conduct heat from 
the hot spots and exchange heat via the coolant liquid due to their very high 
thermal conductivity and large surface areas. The docked chains, also called 
nanofins in this work, should have flexible structures that also contribute to 
cooling efficiency of the system. All the aforementioned points will be fully 
presented in chapter 3.  
Next, the author investigates the effect of nanoparticle morphologies 
on heat transfer performance. The author extends this research to compare 
two different magnetic nanoparticles (CrO2 nano-rod and spherical iron 
oxide - Fe2O3) when forming nanofin heat sinks onto hot spots in 
microfluidic systems. The author also characterizes the performances of 
those nanoparticles suspensions in comparison to their nanofin structures. 
Trapping efficiency of those particles along with various flow rates is also 
studied and their effect on thermal exchanges is demonstrated. More details 
are extensively presented in chapter 4.  
 
1.1.3 Nanocomposites for thermal management of microfluidic 
structures 
Thermal management in microfluidics is an important challenge. Polymers 
such as PDMS (polydimethylsiloxane) which are commonly used for the 
development of microfluidics have relatively low thermal conductivities. As 
a result, they do not allow the efficient exchange of heat between the 
localized hot spots and the flowing liquid or the surrounding environment. 
For many applications such an inefficient heat exchange is not favorable, 
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especially for embedded electronic components (in the form of an integrated 
circuit (IC)) in microfluidics, which produce significant hot spots that need 
to be cooled.  
Over the past few decades, the revolution in electronics has resulted 
in the packing of an extraordinary number of transistors within IC chips. 
Hence, the management of heat generation and large non-uniformities in 
heat dissipation has emerged as major challenges [1, 48, 49].  Hot spots 
produce a non-uniform heat flux and increase the chip junction maximum 
temperature, which in turn reduce the reliability and performance of the 
embedded electronic devices [50, 51]. For instance, a temperature increase 
of 10-15 K above the defined IC chip operating temperature can cause a 
two-times fall in their life time [52].   
Etched silicon or glass has historically been used to fabricate 
microfluidic devices, using technology derived from 
microelectronics/photolithography7-9. Silicon has a high thermal 
conductivity and can be employed to manage the cooling of hot spots. 
However, photolithography and etching technologies are expensive for 
producing high aspect ratio structures used in cooling. Difficulties also arise 
in bonding or embedding any small devices within their inelastic structures, 
and their sealing processes require high temperatures [2, 53-55].  
PDMS is a transparent silicone elastomer which has contributed to 
technology advancements in microfluidics [2, 48, 53, 56] due to its good 
stability over a wide range of temperatures, chemical and electrical 
resistivity, as well as mechanical flexibility after curing [57, 58]. Despite the 
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advantageous properties of PDMS, it has a poor thermal conductivity of  
0.15 W m-1 K-1 [59], which is not an ideal material for cooling microfluidic 
systems.  
The incorporation of thermally conductive materials including 
carbon nanotubes, graphene and metal oxides such Al2O3 into PDMS have 
been suggested to enhance the thermal properties of the resulting composites 
even at very low concentrations [60-65]. The challenges of nanocompositing 
are relevant to obtaining homogenous distributions of the particles within 
the polymer matrix, compatibility between the nanofillers and the polymer, 
and assuring that the composite still holds the key properties of PDMS even 
after nanocompositing. These properties include flexibility and the 
possibility of thermal curing. Despite the fact that such nanocomposite 
materials have been used for forming conductive flexible electrodes based 
on PDMS, they have never been used as the main building blocks of 
microfluidics [66]. When used in microfluidics, a key issue which has not 
been fully addressed is to investigate the thermal properties of the 
nanocomposites. For many applications, it is desirable to increase the 
thermal conductivity as much as possible to allow cooling and heating of the 
liquid and the other components of the microfluidic system as quickly and 
efficiently as possible. 
To address the aforementioned challenges regarding the thermal 
management of microfluidics, in this PhD research, the author introduces 
thermally conductive microfluidic systems through the use of Al2O3 
nanoparticles mix with PDMS matrix. Extremely thermally conductive 
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multi-walled-carbon nanotube (MWCNT) composites at various 
concentrations are also investigated for comparisons. The author studies the 
mechanical structures, thermal properties and the uniformity of 
nanoparticles dispersions within the PDMS matrix. Moreover, the author 
demonstrates the effect of nanocomposites form by larger size of Al2O3 
nanoparticles on thermal conductivity. Comprehensive experimental works 
along with simulations are also shown to comprehensively understand the 
thermal performance of the microfluidic system. All the aforementioned 
topics will be fully presented in chapter 5.  
 
1.2 Thesis organization  
 
This thesis is primarily dedicated to study the thermal performance of 
thermally conductive nanoparticle suspensions for cooling in microfluidic 
applications as well as the effect of these nanoparticles when mixing with 
the polymer for making the channels. The aim is to achieve the following 
three goals: (a) fundamental understating of the thermal conductivity of 
nanofluids and their cooling effect at different concentrations, flow rates and 
other environmental conditions by IR imaging (b) establishing flexible 
nanofin structures on demands using magnetophoresis and the study of the 
effect of nanoparticles’ morphologies in such systems and (c) establish 
homogenous mixes of PDMS-nanoparticle with thermally conductive 
nanoparticles in order to investigate the thermal effect of such 
nanocomposites at different flow conditions.  
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As such, the chapters of this thesis are arranged as follows: 
 Chapter 2 presents a study of thermal performance of Al2O3 
nanofluid in microfluidic systems. In this chapter, the author will investigate 
a design of a small microchannel dimensions along with low flow rates 
which provide low Reynolds numbers, reasonably reflecting practical 
parameters for a microfluidic cooling platform. The author will use the IR 
camera to study the thermal performance of this nanofluid at different 
concentrations and flow rates. The computational fluid dynamics (CFD) 
simulations are conducted for comparisons.  
 In Chapter 3, the author will investigate the docked chains of CrO2 
magnetic nanoparticles along a microfluidic channel side wall, dynamically 
form nanofin heat sinks onto hot spots, and demonstrate the increased heat 
transfer rates between the coolant liquid and the hot spots via such 
structures. Furthermore, the author will demonstate the effect of the 
flexibility of the nanofins on the cooling effcienciny of the system. 
 In Chapter 4, the author will extend the work in Chapter 2 where she 
will explore the performance of two different magnetophoretically 
assembled nanoparticles: CrO2 nanorods with high thermal conductivity and 
spherical Fe2O3 nanoparticles with a relatively lower thermal conductivity. 
The author will assess the thermal performance of the systems by measuring 
the temperature profiles using an IR camera, and also provide an extensive 
experimental and numerical analysis to explore the effectiveness of these 




 In Chapter 5, the author will present the incoporation of Al2O3 
nanoparticles in PDMS matrix as a microfluidic cooling platform. In 
addition, the author will fully characterize the obtained nanocomposite to 
investigate their flexibility, thermal properties and nanoparticle homogeneity 
within the polymeric matrix. The author will conduct experimental 
measurements and numerical simulations to fully understand the thermal 
performance of microfluidic systems made from the developed 
nanocomposite.  
 Fianlly, Chapter 6 presents concluding remarks and suggest some 
recommendations future research.  
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Heat transfer analysis of suspended nanoparticles 




In chapter 1, the author has focused on nanofluids to enhance heat transfer 
performance of the microfluidic systems. 
 In this chapter, the author presents her work on cooling of the 
microfluidic systems by using Al2O3 nanofluids. The author overcomes 
major inaccuracies and problems in exploring microfluidics containing 
nanofluids. The author uses a microfluidic system, and integrates it with a 
microheater and a high resolution infrared (IR) camera. Using the 
microheater, the author is able to accurately control the temperature of the 
system, and with the IR camera, the author can measure the temperatures of 
any desired location of the microfluidics. Combining these two capabilities, 
the author can accurately demonstrate the effect of nanofluids in the thermal 
performance of the system. The author uses the suspension of Al2O3 
nanoparticles, which has a high thermal conductivity, at different 
concentrations to investigate the enhancement of heat exchange in 
comparison to deionized (DI) water as the base fluid. The IR camera allows 
the author to observe the thermal characteristics of the system, even at low 
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Reynolds numbers, the values that are associated with true microfluidics and 
have not been reported before.  
The application of high resolution IR camera enables the author to 
monitor the temperature of desired surfaces at any desired moment. This 
technique enables the author to record the temperature profile of different 
locations of the microfluidic system, including the 3D structure of the 
microfluidics block. Advantageously, the measurement is contactless and 
therefore does not influence the thermal performance of the system. 
Additionally, the measurement is facile, does not need any specialised 
training, and enables the author to even monitor the dynamic performance of 
the system.  
 In this chapter, the author will present the outcome of studies, both 
experimental measurements and numerical simulations to fully understand 
the response of the system and calculate the heat flux or other variables of 
the system, which could not be assessed previously. The work in this chapter 




2.2 Experimental section 
 
2.2.1 Apparatus  
The schematic of the experimental setup is shown in Figure 2.1(a), and the 
photo of the experimental setup is also shown in Figure 2.2. The system 
consisted of a polydimethylsiloxane (PDMS) block integrated onto a 
microscopic glass slide, as shown in Figure 2.1(b). The PDMS hosted a 
microchannel and two reservoirs as the inlet/outlet of the microchannel, as 
seen in Figure 2.1(c). The glass slide accommodated a metallic microheater 
patterned on its surface as shown in Figure 2.1(d). The flow was provided 
through the microchannel via a syringe pump (Harvard, PHD 2000 
Infusion). The syringe pump was activated in refill mode to supply suction, 
avoiding the leakage and generation of bubbles within the microchannel. 
The microheater was energised via a DC power supply (Gw Instek, GPS-
X303 series, Taiwan) and was used to heat up the liquid to the desired 
temperatures before entering the microchannel. 
 In order to accurately measure the temperature, the IR camera was 
placed at a right angle to the microfluidic glass surface. Although, the 
temperature measurements were attained from the glass slide, the author 
believes that by utilizing the 100 µm thick glass substrate there was no 
significant difference in temperature measurements between the reading 
from the glass slide and the channel. 
 The temperature measurement along the bottom glass surface that 
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(width × height × length). The channel’s height of 75 μm was chosen to 
allow a free flow of nanoparticles with sizes less than 50 nm and prevent 
clogging. The design of this single straight channel was easy to fabrication 
and easily visualise via the thermal imaging camera even at high flow rates.  
 The PDMS block was integrated onto a glass slide (Menzel-Glaser, 
USA) of 60 mm × 20 mm × 100 µm (length × width × height). The glass 
thickness of 100 µm was chosen to facilitate the exchange of heat between 
the liquid and the environment, as well as allowing the most efficient 
observation using the IR camera. The microheater was patterned onto the 
glass substrate using photolithography. In doing so, thin layers of 
gold/chromium (Au/Cr of 150/100 nm) were deposited on the glass surface 
using electron beam evaporation process. Next, the substrate was spun 
coated with AZ1512 photo-resist using a spinner (Karl Suss RC8). This 
substrate was baked in an oven at 90 ºC for 20 minutes, before exposure to 
UV light through a PDF mask. Subsequently, the exposed substrate was 
developed in AZ400K developer and a gold etchant (niro-hydrochloric acid, 
1:4 v/v ratios) was applied to etch the unwanted gold. The substrate was 
rinsed and cleaned using acetone, methanol and DI water. A chromium 
etchant was then used to remove the excess chromium. 
 The substrate was again cleaned with acetone, methanol, DI water 
and air dry. The fabrication process was conducted in a class 1000 
cleanroom. Microtubes with an internal diameter of ~400 μm were placed 
into the holes punched of the PDMS. These tubes allowed the interfacing of 
syringe pumps and samples with the microchannel. 
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2.2.4 Numerical simulations 
Three dimensional numerical simulations were conducted to analyze the 
variations of velocity, pressure, temperature, and heat loss across the 
microfluidic system. The highest Reynolds number, Re=ρŪD/μ (ρ is fluid 
density, Ū is the average fluid velocity, D is the hydraulic diameter of the 
rectangular microchannel, and μ is the fluid viscosity) obtained at the flow 
rate of 120 µl min-1 is ~17.5, indicating the laminar characteristics of the 
flow. The simulation was conducted using Gambit 2.3 software (Fluent, 
Lebanon, NH, USA) to create the geometry and mesh generation. 
Subsequently, the finite-volume based Fluent 6.3 software (Fluent, Lebanon, 
NH, USA) was used to solve the associated differential equations governing 
the balance of mass, momentum, and energy within the microfluidic system, 
as given by Khoshmanesh et al [5]. 
where, U
r
, P and T are the velocity, pressure and temperature of the fluid, ρ, 
µ, cp and k are the density, dynamic viscosity, heat capacity and thermal 
conductivity of the fluid, respectively, and Q& is the heat source term 
corresponding to the microheater. The thermophysical properties of 
nanofluid are obtained as below [6, 7]: 
 
0U =⋅∇ r                      (2.1) 
UPUU
rrr
2)( ∇+∇−=∇⋅ μρ                    (2.2) 
QTkTUc p &
r +∇=∇⋅ 2)(ρ                    (2.3) 
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    (2.8) 
where f, p and nf indices refer to fluid, particle and nanofluid, respectively, Ø 
is the volume fraction of particles in the suspension, n is the shape factor, 
and ψ is the sphericity of particles, which was taken as 0.5 due to the non-
spherical shape of the particles. The thermophysical properties of the base 
fluid were taken as ρf=998 kg m-3, µf=0.001 Pa.s, cpf =4178 J kg-1 K-1 and 
kf=0.6 W m-1 K-1 while those of Al2O3 particles were taken as 
 ρp=3950 kg m-3, cpp =930 J kg-1 K-1 and kp=40 W m-1 K-1. 
 The Knudsen number, Kn=2λ/d (λ is the mean free path length or the 
average distance between the molecules of DI water and equals to 0.31 nm 
[8], and d is the average diameter of Al2O3 particles and equals to 30 nm) is 
0.02 and since it is more than 0.001, the slip boundary condition is applied at 




∂= λ                                    (2.9) 
where Lslip  is the slip length of PDMS surface taken as 57 nm [10] while
nu ∂∂ /  is the gradient of flow velocity along the axis normal to the surface.  
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The other boundary conditions consisted of zero pressure at the inlet and 
flow rates of 10, 40 and 120 μl min-1 at the outlet (this is because the 
suspension is sucked out via the outlet). These flow rates associate with the 
Reynolds numbers in the range of 1.45 to 17.5. The value of Q& was obtained 
by dividing the power supplied to the microheater (by reading the voltage 
and current of the DC power supply) by the volume of the microheater. The 
voltage was changed to maintain the temperature of the microheater centre 
at 54°C. The external surfaces of the system exchanged heat with the 
ambient air via the free convection mechanism assuming the convection 
coefficient as 10 W m-2 K-1 while the ambient temperature was measured as 
25.8˚C. The heat passed through the walls of the glass slide and PDMS via 
the conduction mechanism with kglass=1.05 W m-1 K-1 and  
kPDMS=0.15 W m-1 K-1. 
 
2.2.5 Thermal measurements of nanofluid in microfluidic system 
First, the author investigated the thermal performance of the microfluidic 
system using DI water as the working fluid at a flow rate of 40 μl min-1. The 
IR camera was placed at a distance of 0.3 m from any surface of the 
microfluidic system which the author was interested to measure its 
temperature. The voltage of DC power supply was varied to provide a 
constant temperature of 54 °C at the middle of the inlet reservoir when seen 
from the glass side. The temperatures were recorded in 90 second frames 
using the IR camera and the images were extracted from the last frame. 
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 Next, the author moved on to characterise the thermal performance 
of the microfluidic system at different flow rates and concentrations of 
Al2O3 nanoparticles.  
 Figures 2.5(a-c) show the temperature profiles across the glass slide 
(the bottom view) after applying only DI water through the system at 
different flow rates of 10, 40 and 120 μl min-1. These figures clearly show 
the extension of golden (50-40°C) and pink (40-30°C) regions throughout 
the glass surface by increasing the flow rate. Obviously at higher flow rates 
convection becomes the dominant mode of heat transfer along the 
microchannel, as the liquid does not have enough time to lose its internal 
heat to the environment via the channel surfaces. 
 Figures 2.5(d-f) show the temperature profiles across the glass slide 
(the bottom view) after applying DI water and water mixed with Al2O3 
concentrations of 1% and 2.5% w/w at a constant rate of 40 μl min-1. By 
careful examination of the temperature contours one can see their changes 
due to incorporation of nanoparticles. As can be seen, the increased thermal 
conductivity of liquid with 2.5% w/w Al2O3 increases the heat conduction 
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2.3 Results and discussion 
 
Figure 2.6(a) shows the outcomes of measurements only. This figure 
demonstrates that the temperature drop, along the microchannel centreline, 
decreases significantly by increasing the flow rate of DI water and liquid 
suspensions incorporating Al2O3 nanoparticles, indicating the enhancement 
of convection within the microchannel at higher flow rates. For example, for 
the case of DI water, while a temperature drop of 28°C was observed along 
the centreline at 10 μl min-1, it reduced to 25°C at 40 μl min-1 and further 
reduced to 21°C at 120 μl min-1. Similar trends can be seen for other 
concentrations of Al2O3. Figure 2.6(a) also shows that the temperatures drop 
along the microchannel decreases by increasing the concentration of Al2O3, 
indicating the superior thermal conductivities of nanofluids. For example at 
10 μl min-1, while a temperature drop of 28.2°C was observed along the 
centreline for DI water, it reduced to 27.6°C for the 1% w/w Al2O3 
suspension and further reduced to 27.4°C for the 2.5% w/w Al2O3 
suspension. Interestingly, the effectiveness of nanofluids was more tangible 
at higher flow rates. For example at 120 μl min-1, while a temperature drop 
of 22.7°C was observed along the centreline for DI water, it reduced to 
21.6°C for the 1% Al2O3 suspension and further reduced to 19.5°C for the 
2.5% w/w Al2O3 suspension.  
 Figures 2.6(b-c) compare the variations of experimental and 
simulated temperatures along the centreline. Results show an excellent 
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In this chapter, the author demonstrated a comprehensive analysis of heat 
transfer in a true microfluidic system with and without Al2O3 nanofluids. 
According to the author’s observations, at low flow rate of 10 μl min-1, 
associated with the Reynolds number of 1.45, no significant difference was 
observed between the conventional fluid and nanofluids, as also confirmed 
by the numerical simulations. In contrast, at higher flow rates of  
120 μl min-1, associated with the Reynolds number of 17.5, the exchange of 
heat for the liquid with nanoparticles was much enhanced. All the 
observations were based on the incorporation of an IR camera for measuring 
the temperature profiles, which was non-contact without affecting the 
thermal properties of the platform. Further improvement of the system is 
needed to account for a number of factors such as the investigation of 
different sizes and types of nanoparticles as well as the modification of the 
microchannel design in order to obtain higher heat transfer efficiencies. 
 As nanoparticles are becoming more readily accessible, their 
application in microfluidics is becoming increasingly attractive. Future Very 
Large Scale Integration (VLSI) of electronic elements requires exceedingly 
more components, and consequently more efficient cooling systems.  
Nanofluids will certainly play an important role in providing solutions for 
the cooling issues of such complex systems.  
In the next chapter, the author will present magnetophoretically 
forming nanofin heat sinks. The chapter will focus on the investigation of 
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forming nanofin heat sinks for cooling of hot spots in microfluidic systems 
to increase the heat transfer rates of nanoparticle suspensions, as well as to 
overcome the limitation of nanoparticle concentrations. 
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In the previous chapter, the author showed heat transfer enhancement of 
Al2O3 nanofluids at various concentrations and flow rates.  
 In this chapter, the author introduces a further heat transfer 
enhancement of nanoparticle suspensions by forming highly concentrated 
nanoparticles at the hot spots in microfluidic systems. The author 
investigates the possibility of forming dynamic cooling by means of 
microsized fins formed from nanoparticle suspensions (nanofins). 
Ferromagnetic, CrO2, nanoparticles are used for establishing the dynamic 
coolant nanofin structures so that magnetic forces [1] can be employed for 
structuring them. The thermal conductivity of chromium oxides (10–32      
W m−1 K−1) [2] is much higher than its other magnetic counterparts such as 
iron oxides (3–6 W m−1 K−1) [3], rendering it an excellent candidate for heat 
transfer applications. CNTs have thermal conductivities in the order of 2 kW 
m−1 K−1or more [4], however, they are not affected by magnetophoretic 
forces. Decoration of CNTs with magnetic nanoparticles such as iron oxides 
has been demonstrated [5] but this reduces the overall thermal conductivity 
to that of closer to the oxide. As such, CrO2 remains an excellent candidate.  
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 In this chapter, the author will show how to magnetically form 
dynamically docked chains of CrO2 nanoparticles onto hot spots and 
demonstrate the increased heat transfer rates between the coolant fluid and 
the hot spots via such structures. Furthermore, the author demonstrates the 
effect of the flexibility of the fins on the cooling efficiency of the system. 
The work in this chapter was published as a full article in Advanced Energy 
Materials journal [6]. 
  
3.2 Experimental section 
 
3.2.1 Fabrication of the microfluidic device  
The detail of the fabrication procedure for the microfluidic system is 
presented in Figure 3.1. It is very important to mention that a thin glass 
substrate (with a thickness of 100 μ m) was used as the substrate to 
minimize the heat dissipation within the substrate to avoid obtaining blurry 
thermal images. Such a thin glass substrate was fragile and could easily 
buckle under the weight of the PDMS block and the inlet/outlet tubes. To 
resolve this issue, the magnetophoretic platform was clamped between two  
3 mm PMMA sheets [7]. A groove (with a width of 5 mm) was milled along 
the middle line of both PMMA sheets to facilitate the access of inlet/outlet 
tubes as well as to ensure that the glass substrate is exposed to the camera. 
The IR camera was placed (at a distance of 0.3 m) from the magnetophoretic 
system. The temperature contours were recorded in 90 s frames and the 
images were extracted from the last frame. 
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The magnetophoretic platform consists of three major components: 
polydimethylsiloxane (PDMS) block, magnetic coil and glass slide. The 
microchannel dimensions were set to 1500 μm × 500 μm × 40 mm 
(width×height×length). The channel height of 500 μm was chosen to prevent 
any possible clogging of microchannel after the entrapment of CrO2 
nanoparticles. The microchannel was fabricated from PDMS using soft 
photolithography techniques [8, 9]. In doing so, SU8-3050 (Microchem, 
USA) layer was spin coated 4 times at 1000 rpm on a 3-inch diameter 
silicon wafer to produce a 500 µm thickness layer. The sample was then 
exposed to UV light source using an MA6 mask aligner for 15 min with an 
interval of 1 min between each exposure, and developed in SU-8 developer 
for 90 min to realize the patterns on the master (Figure 3.1(a)). A 10 g 
mixture of PDMS (Sylgard 184, Dow Corning, USA) base and curing agent 
were mixed in 10:1 weight ratio, and degassed to remove the trapped air 
bubbles using a vacuum oven. The PDMS mixture was poured onto the 
master to only cover the microchannel and cured on a hot plate with a 
temperature of 70 °C for 5 min (Figure 3.1(b)). 
 Next, a magnetic coil (Murata, LQH55DN101M03, 100 µH @ 100 
kHz) was integrated onto the hot PDMS block. In order to improve the 
trapping efficiency of the system, the coil was located as close as possible to 
the microchannel. The magnetic coil was inserted 1 mm away from the 
microchannel sidewalls. The rest of the PDMS mixture was poured into the 
device to cover the magnetic coil (Figure 3.1(c)). The device was cured for a 
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3.2.2 Magnetic nanoparticle preparations  
CrO2 nanoparticles with dimensions shown in Figure 3.2(d) were purchased 
from Sigma-Aldrich, Australia. The dispersion of the CrO2 nanoparticles 
was stabilized with trisodium citrate dehydrate (Na3C6H5O7, 2H2O) at room 
temperature to avoid aggregation. To achieve this, trisodium citrate 
dehydrate 300 μl at 5 mg ml−1 was added to Mili-Q water (15 ml), and then 
the nanoparticles were added. This solution was sonicated for 30 min to 
reduce aggregates. Next, the solution was placed in a thermo-mixer at 70 °C 
with a speed of 600 rpm for 8 h to functionalize the surface of the CrO2 
nanoparticles with citric acid. The solution was then centrifuged at 8000 rpm 
for 15 min and washed with Milli-Q water. This process was repeated (3 
times), and the particles were re-dispersed in 15 ml Milli-Q water. A new 
concentration of suspended CrO2 nanoparticles in Mili-Q water was then 
achieved which at this point was 0.15% w/w. The solution was further 
diluted in DI water 2.5 times. This reduced the final concentration (to  
0.06% w/w (0.012% v/v)). Transmission electron microscopy imaging 
(TEM, Jeol 1010 TEM, USA) was conducted to verify the size and shape of 










The fabricated microfluidic system with the embedded magnetic coil is 
shown in Figure 3.2(a). A magnetic coil is embedded into the system (made 
of polydimethylsiloxane (PDMS)) that serves as both the heat and the 
magnetic force source. The substrate is a 100 μ m thick glass, which allows 
for the thermal imaging with minimal blurring effect (refer to Experimental 
section). The experimental setup is schematically shown in Figures 3.2(b) 
and (c). The flow of 0.06% w/w (0.012% v/v) of CrO2 nanoparticles 
suspension in Mili-Q water is provided through the microchannel via a 
syringe pump in withdrawal mode. The CrO2 nanoparticles used are needle-
shaped with a length of 100–400 nm and a diameter of 20–50 nm (Figure 
3.2(d)). The syringe pump used was Harvard (PHD 2000) Infusion. The 
syringe pump was activated in refill mode to supply suction, avoiding the 
leakage and generation of bubbles within the microchannel.  
The magnetic coil was energized via a DC power supply the channel 
was flushed with a 1% w/w mixture of liquid surfactant (Triton X-305) for 
10 min at a flow rate of 50 μl min−1 and then washed with DI water for      
10 min. The microfluidic device was mounted on an inverted microscope 
(Nikon, Eclipse TE2000U, Japan) to observe the trapping of CrO2 
nanoparticles. An IR camera (Titanium Cedip Infrared Systems, France) was 
used to measure the temperature along the microchannel bottom surface. 
(Gw Instek, GPS-X303 series, Taiwan). Before each experiment, to prevent 
the adhesion of CrO2 particles to the glass and PDMS surface, the channel 
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Magnetic field at the core of the coil was calculated using: 
 
                                        (3.1) 
where µ0 = 4π × 10-7 H m-1 is the magnetic constant,  N  = 100 is the number 
of turns, i is the current and l = 3 mm is the length of the coil.  
 
3.3 Results and discussion 
 
 
3.3.1 Characterization of CrO2 trapping in the microfluidic system 
In the first set of experiments, the flow rate is fixed at 40 μl min−1, resulting 
in a laminar flow. The magnetic coil is energized with 0.6 A for 10 min to 
allow the system to reach a steady state condition (while maintaining the 
liquid temperature of the inlet to 22 ° C). Figure 3.4(a) shows the schematic 
of microchannel plane in the z -axis, the orientation which is chosen for 
imaging. The inset of this figure shows the arrangement of these fins and 
their flexibility that allows them to be aligned along the magnetic field and 
also move with the flow. Figure 3.4(b) illustrates the optical image of the 
trapped CrO2 particles after 10 min along the side wall surface of the 
microchannel. The evolution of the CrO2 layer thickness in time is presented 
in Figures 3.4(b–d). The zoomed in image of Figure 3.4(a) shows the 
configuration of CrO2 nanoparticles after 10 min. They form spire shape 
bundles of nanoparticles (nanofins) perpendicular to the side wall surface 
near the magnetic coil. The trapping mechanism of nanoparticles onto the 





mechanism can be divided into three steps according to the author’s 
observations: the formation of chains along the magnetic lines, the attraction 
of chained or individual particles towards the magnetic coil, and the docking 
of the chains onto the side wall and their growth, forming spires. 
 The growth of nanofins is further explored by measuring the average 
length of chains on the side walls in time. The CrO2 spires grow almost 
linear over the first 5 min reaching an average length of ~320 μm. The 
growth decelerates thereafter and tapers off after 10 min, as shown in Figure 
3.4(f–i). Interestingly when the magnetic field is switched off, as can be seen 
in Figure 3.4(f-ii), the thickness of the layer reduces to just less than  
100 μ m in less than 1.5 min. At the same flow rate, the root of the layer 
remains, as it has a higher adhesion to the surface. As such, at this flow rate 
it is possible to juggle between 100 and 320 μm thickness by switching on 
and off the magnetic field. For clearing the root layer in a short time, flow 
rates as large as 200 μl min−1 are needed. The growth cycle shown in Figure 
3.4(f) is repeated up to 5 times by switching on and off the magnetic field 
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3.3.2 Trapping of CrO2 at different flow rates 
Further experiments are conducted to characterize the performance of the 
system at different flow rates as well as various DC currents applied to the 
coil. The trapping and docking of CrO2 particles at flow rates of 10, 20 and 
40 μl min−1, while the current of 0.6 A is applied (that produces a magnetic 
field of 25.1 mT at the core of the coil), are investigated (see Figures 3.5 (a–
c)). The thickness of the CrO2 chains vs flow rate is demonstrated in Figure 
3.5(d). The dynamics of CrO2 nanoparticles and chain docking onto to the 
side wall are the result of a competition between two forces. Increasing the 
flow rate enhances the total number of CrO2 particles passing through the 
microchannel, therefore increases the amount of particles and forms chains 
that can be docked. However, increasing the flow rate also leads to the 
increase of hydrodynamic drag force and therefore decreases the likelihood 
of trapping of further CrO2 nanoparticles. It seems that the latter is the 
governing factor dominant in this case. Subsequently, the author carries out 
the study on the trapping of CrO2 nanoparticles and chains at different DC 
currents of 0.2, 0.4 and 0.6 A (corresponding to magnetic fields of 8.37, 16.7 
and 25.1 mT at the core of the coil), while the flow rate is set to 40 μl min−1. 
The layer thickness after 5 min is demonstrated in Figures 3.5 (e–g). Figure 
3.5 (h) clearly shows the impact of the current on the growth of CrO2 
particle chains, which is almost proportional to square root of the applied 
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3.3.3 Thermal characterization of CrO2 nanofins in microfluidic 
system 
In order to characterize the thermal performance of the magnetophoretic 
platform, the author obtain thermal images of the system using an IR 
camera, as described in the author’s previous work [12], from the side of the 
100 μ m thick glass substrate. The thickness of the substrate is one-fifth of 
that of the microchannel, which results in relative similarity of the thermal 
images on both sides of the glass substrate. As such, the thermal image of 
the glass substrate is a good approximation for the temperature at the bottom 
of the channel and around PDMS. 
 The flow rate of the medium is set to 40 μl min−1, while the 
temperature of the liquid at the inlet of the microfluidic channel was is to  
23 °C. The thermal imaging is conducted for the cases of with and without 
nanoparticles suspension. The case without nanoparticles almost accurately 
represents the case of liquid with nanoparticles suspension of 0.012% v/v 
without the effect of magnetic field. In this situation, the thermal 
conductivity of the liquid is only 0.06% more than that of water, which has a 
negligible effect on the temperature contours. 
 Figures 3.6(a) and (b) show the temperature contours of the surface 
of the substrate with and without CrO2 nanostructured layers at 40 μl min−1. 
For a more discernible comparison, the temperature profiles along the x axis 
are shown for both cases in Figures 3.6(d) and (e). The profiles are plotted 
1.5 mm above and below the side wall of the channel near the coil. 
Interestingly, while the temperature reaches a peak value of 56.7 °C at the 
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location of magnetic coil for the system without nanofins, the maximum 
temperature is significantly lower (54.3 °C) for the system with fins. 
In the microfluidic system without nanofins, the propagation of heat 
is almost symmetric within the PDMS section (Figure 3.6(a)). A portion of 
the heat is conducted into the microfluidic channel, increasing the 
temperature of the flowing liquid to a maximum of 46.4 °C along the wall of 
the channel near the coil and a maximum of 39.2 °C along the other side of 
the microchannel. The temperature profiles within the microchannel are 
presented in Figure 3.6(d). The temperature profile of the channel with the 
nanofins formed on the wall near the hot spot is quite different (Figure 
3.6(e)). The temperature of the liquid is now much higher than the scenario 
without nanofins: the maximum temperatures are 50.9 °C and 44.4 °C on the 
side wall near the coil and the opposite wall, respectively. Visibly, the heat 
is more efficiently conducted into the microfluidic channel in the presence 
of the nanofins. The temperature contours are also further stretched into the 
right side in comparison to the without fin condition (Figure 3.6(b)). The 
nanofins efficiently take the heat from the hot spots and transfer it into the 
liquid.  
The heat transfer enhancement by nanofins is seen in Figures 3.6(a) 
and (b). The convective heat transfer at the surface of the glass in the 
presence of nanofins (the dashed rectangular region shown in Figure 3.6(c) 
is approximately 18.5 mW higher than the no fin scenario, showing a 75.5% 
increase (calculation details are given in Table 3.1).  
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For comparison, the profiles for lower flow rate of 20 μl min−1 are 
also presented (see Figure 3.7). Obviously, the temperature peaks are less 
stretched to the right side in comparison to 40 μl min−1 case, which is 
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3.3.3.1    Convective heat transfer calculation 
The amount of convective heat transfer between the dashed rectangular 
region shown in Figure 4c and the environment is calculated using the 
following integral: 
 
       (3.2) 
where h is a convection coefficient, Tsurface is the measured temperature of 
the glass surface, T∞ is the temperature of the ambient and A is the surface 
area of the dash region shown in Figures 3.6(a) and( b). The integral is 
calculated for the cases of without and with fins, using the measured 
temperature contours, as presented in Figures 3.6(a) and (b). 
 
3.3.3.2    Thermal energy calculation 
The change of thermal energy ΔQ is calculated using: 
ΔQ = m .cp  . ΔT            (3.3) 
in which m is the total mass of CrO2 fins,  cp is the heat capacity of CrO2 
fins, and ΔT is the temperature difference between the CrO2 fins and the 
channel inlet. Assuming that the patterned fins form a structure shown in 
Figure 3.8 and Figure 3.10 (d), the amount of heat energy storage is 















Figure 3.8 The cross section of middle of the channel with CrO2 fins with 
dimensions that are used in the simulations. 
 




Density (kg m-3) 1000 5220 
Height (µm) 5.00×10−4 5.00×10−4 
Length (µm) 6.90×10−2 6.90×10−2 
Width (µm) 5.00×10−4 5.00×10−4 
Volume of fins (m3) 8.6×10−9 8.63×10−9 
Heat capacity (J kg-1K-1) 4200 750 
Tchain (°C) 46.27 50.97 
Tinlet (°C) 23 23 
ΔT  (°C) 23.27 27.97 
Transported heat (mJ) 843 944 
Heat difference (mJ)  101.5 
 
 







3.3.4 Numerical simulations 
For the liquid flowing inside the microchannel, the equations to be solved 
are the continuity of mass, momentum and energy, as given below: 
                           (3.4) 
   (3.5) 
 
  (3.6) 
in which , P and T are the velocity, pressure and temperature of the liquid-
CrO2 suspension, ρ, µ, cp and k are the density, dynamic viscosity, heat 
capacity and thermal conductivity of the CrO2 suspension. The values of ρ, 
µ, cp and k for the liquid-CrO2 suspension are calculated, as described in the 
author‘s previous work [12].  
Alternatively, for the magnetic coil, PDMS block, and patterned 
CrO2 chain the energy equations need to be solved, as given below: 
 
              (3.7) 
                                      (3.8) 
                                      (3.9) 
in which kcoil, kPDMS and kchain are the thermal conductivities of the magnetic 
coil, PDMS block, and chains, respectively, and  is the heat per volume 
generated by the coil.  
The boundary conditions applied for calculating the distribution of 
velocity and pressure within the microchannel include the zero pressure at 




















flow rate at the outlet of the microchannel. For the pure liquid, no slip 
boundary condition is applied at the surfaces of the microchannel, whereas 
for the liquid-CrO2 suspension the slip boundary condition is applied at the 
surfaces of the microchannel, as detailed in previous work [12]. 
The boundary conditions implemented for calculating the 
distribution of temperature within the whole system include the ambient 
temperature at the inlet of the microchannel, the fully developed boundary 
condition at the outlet of the microchannel, and natural convection at the 
external surfaces of the system, which are exposed to the environment, as: 
 
(3.10) 
At all interfaces including the interfaces of the coil-PDMS, PDMS-liquid, 
PDMS-chains, liquid-chain, the temperature and heat flux values were 
coupled. 
 
  3.3.4.1    Heat flux distribution 
Figure 3.9 illustrates the variations of heat flux exchanged between the 
liquid flowing within the microchannel and the surface of the side wall close 
to the magnetic coil, obtained by CFD simulations. The results are presented 
for two cases: the case of no nanofins and the case of nanofins with a 
thermal conductivity of 21 W m-1 K-1.  
For the case of no nanofins, a maximum heat flux of -1.07 kW m-2 is 
calculated at the entrance of the channel as the liquid is much colder than the 
side wall. The heat flux suddenly reduces as the liquid becomes warmer. 
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3.3.4.2    Heat transfer performance of CrO2 nanofins in microfluidic 
system 
For comparison, the author has conducted a series of CFD simulations in 
order to assess the validity of the measurements and determine the thermal 
performance of nanofins (see Figure 3.10). In these simulations, the 
temperature contours are obtained for the case of no fins (Figure 3.10 (a)) 
and the case of a CrO2 region of fin bundles with dimensions similar to that 
observed in the measurements (Figure 3.10(b)). The simulations with 
microfins predict an increased heat transfer of 12.3 mW, corresponding to a 
48.4% enhancement. The measured temperature drop (for nanofins case) at 
the centre of the heater is smaller than that of the measurement                 
(2.4 vs 1.7 ° C). This difference is due to the nanofins being porous in the 
experiments, compared to the simulations for which the fins are 
impermeable. Another possible factor in the enhancement of heat transfer 
can be the flexibility of the nanofins. This allows smoother passage of liquid 
surrounding the nanofins and subsequently more efficient convective heat 
transfer, with minimized pressure drop within the microchannel. The fins are 
flexible and extremely porous, so liquid can pass through them with minimal 
disruption. Obviously, if the concentration of assembled nanoparticles is too 
high, or the channel is too narrow, then the flow of fluid in the microchannel 
will be hindered. In this case, the coil should remain switched off for longer 
durations to avoid any disruption in flow. 
 Another important issue, which is also clearly observed from the 
CFD images of Figures 3.10(a) and (b), is that when nanofin layer is heated 
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it stores the thermal energy along the side wall near the heat source 
(approximately 101.5 mJ more heat than the no fin condition). Efficient 
thermal energy can flow directionally via the rod-shape CrO2, which is used 
in this work, from the hot spots into the liquid of the microfluidic channel. 
In comparison to other morphologies of nanoparticles, rod-shape CrO2 can 
increase the phonon scattering at their boundaries, which limits the thermal 
conduction [13]. Furthermore, the response time of the system is less than 
10 min for forming the CrO2 nanostructured layer and shorter for removing 
it. After switching off the magnetic force source, the released nanofins take 
this stored heat, and carry them away from the hot spots via the microfluidic 
channel. As such, the system can also be used dynamically for cooling hot 
spots by turning the magnetic force on and off. 
 Longer nanofins increase the heat exchange between the liquid in the 
microfluidics and hot spots. Obviously, to generate stronger magnetic field 
that results in assembly of longer nanofins a larger electrical current is 
required. Additionally, higher flow rate produces a better heat exchange but 
inversely reduces the length of nanofins (as seen in Figure 3.5 (d)) by 
producing forces against their assembly. To compensate for this effect 
higher magnetic fields are required, which leads to larger electrical currents. 
These increases in current will have the adverse effect of more heat 
generated by the coil itself. Such effects should certainly be addressed in the 
design of any nanofins cooling system and an optimum condition for flow 
rate, dimensions of the microfluidic channels and the strength of magnetic 
field should be implemented. 
67 
 
 While the author has shown the proof of concept, clearly for making 
such cooling applications practical, the magnetic system itself should 
generate minimal heat in comparison to the heat generated by electronic 
circuits at the hot spots. Moreover, the location of the magnetic coil should 
be carefully selected to minimize the adverse effect of additional heat to the 
system and at the same time maximize the magnetic field strength along the 
microchannel. Certainly to avoid overheating, efficient designs of the 
optimum magnetic coil core and dimensions are needed. It is also possible to 
use permanent magnets which generally produce large magnetic fields and 
do not require any applied electrical current that avoids heating [14, 15]. In 
this case, flux switching procedures can be used for dynamically altering the 
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3.3.4.3    Heat transfer performance of CrO2 nanofin with embedded of 
a silicon block around the hot spot 
To further explore the effectiveness of nanofin heat sink for practical 
applications, the author numerically investigated the performance of the 
system in a case similar to the cooling of microchips made of silicon. The 
amount of heat produced by the coil was increased by a factor of 10 to reach 
4.2 W (2.85 × 10 8 W m−3 for the coil). A square silicon block with a 
thermal conductivity of 150 W m−1 K−1 [17] was inserted around the coil to 
direct the heat produced by the coil towards the channel. The bottom surface 
of the system was insulated to further increase the heat exchange via the 
channel. Finally, the flow rate was increased by a factor of 10 to reach  
400 μl min−1 to enhance the convective heat transfer via the channel. 
Simulations were conducted in three cases: i) no fins, ii) fixed fins by 
assuming a no-slip boundary condition at the surface of the fins, and iii) 
flexible fins by assuming a zero shear stress at the surface of the fins. 
 Figures 3.11(a–c) show the temperature contours along the middle 
plane of the channel (z = 250 μ m) for the cases of no fins, fixed fins and 
flexible fins, respectively. For the case of no fins, the temperature reaches a 
peak value of 262.4 °C at the coil (Figure 3.11 (a)). Incorporation of fixed 
fins improves the heat transfer via the channel, as evidenced by proceeding 
of the red and orange contours towards the channel core while slight 
receding of the blue contours along the channel axis. This reduces the peak 
temperature to 244 ° C (Figure 3.11(b)) that is 18 °C less than that of the 
case of no fins. Interestingly, the incorporation of flexible fins significantly 
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improves the heat transfer via the channel, as evidenced by spreading of the 
red and orange contours along the channel axis while hampering of the blue 
contours. This reduces the peak temperature to 174 °C (Figure 3.11(c)) that 
is 98 °C less than that of the case of no fins. This reduced temperature is 
completely within the range that can be tolerated by silicon chips. 
 Figures 3.11(d–f) show the velocity contours along the middle plane 
of the coil ( x = 19 mm) for the cases of no fins, fixed fins and flexible fins, 
respectively. For the case of no fins, a parabolic velocity profile forms along 
the cross section of the channel with a peak velocity of 16.5 mm s−1 at the 
channel core. By incorporation of fixed fins, the flow bypasses the fins and 
is squeezed along a narrower region formed between the tips of the fins and 
the opposite side wall. The flow still follows a parabolic profile with a peak 
velocity of 26.5 mm s−1 at the core of the narrow region. Alternatively, 
incorporation of flexible fins leads to complete change of the velocity 
profile. 
 In this case, the flow passes through the fins more smoothly and 
exhibits a peak velocity of 26.8 mm s−1 across the narrow gap between the 
fins. This significantly enhances the convective heat transfer between the 
flow and the hot surface of the fins, as evidenced in Figure 3.11(c). Such a 
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In this chapter, the author demonstrated the creation of dynamically 
controlled flexible heat sink concept by utilizing magnetophoretically 
patterned CrO2 nanoparticles within a microfluidic system. Upon application 
of magnetic field, the CrO2 nanoparticles form a nanofin structure along the 
side wall of the channel. The high thermal conductivity of nanofins leads to 
enhancement of convective heat transfer with the flow and reduces the hot 
spot temperatures. The formed nanofins are flexible, enabling the smooth 
passage of the flow between them, which in turn significantly increases the 
heat exchange with the nearby passing fluid. This is a very unique feature of 
nanofin that cannot be achieved using conventional microfabricated rigid 
fins. Moreover, the nanofins have the capacity for storing and releasing the 
thermal energy to serve as a dynamic heat sink with a response time in the 
order of minutes. 
 Future compact electronic elements require more efficient and 
microfluidic friendly heat exchange. Hence, the author believes that this 
work represents a framework for a new generation of microfluidic-based 
cooling systems and offers a great potential for further development and 




 In the next chapter, the author will investigate the effect of magnetic 
nanoparticles’ morphologies when constructing nanofin heat sinks. The 
author will compare the heat transfer performance of two magnetic 
nanoparticles (nano-rod CrO2 and spherical Fe2O3). The performances of 
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Different nanoparticles magnetophoretically form 




In chapter 3, the author showed that CrO2 magnetic nanoparticles can be 
dynamically formed onto the hot spots magnetophoretically to allow the 
efficient heat exchange with a coolant liquid in a microchannel [1]. The 
author demonstrated the formation of bundles of micro-sized and long fins 
from the assembled nanoparticles, which was called nanofins that could 
significantly enhance the cooling process. This was due to the high aspect 
ratio of the fins and their flexible structure that could allow the large 
interaction of the liquid coolant with them.  
In this chapter, the author extends this research by comparing the 
performance of two different magnetophoretically assembled nanoparticles: 
CrO2 nanorods with high thermal conductivity as well as a long 
morphological structure and spherical Fe2O3 nanoparticles with a relatively 
lower thermal conductivity. The thermal performances of the systems are 
assessed by measuring the temperature profiles using an IR camera. 
Extensive experimental and numerical analysis are conducted to explore the 
effectiveness of these two model nanoparticles in forming nanofins at 
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different flow rates of the liquid. The work in this chapter was published as a 
full article in Lab-on-a-Chip journal [2].  
 
4.2 Experimental section 
 
4.2.1 Magnetic nanoparticle preparations 
Aldrich, Australia, and their typical morphologies are shown in Figures 
4.1(a) and (b), respectively. CrO2 nanoparticles have a rod shape of 35 nm 
diameter and 250 nm length on average, while Fe2O3 nanoparticles are 
spherical with an average diameter of 184 nm as confirmed by a Distribution 
Light Scattering (DLS) system (ALV-GmbH, Germany) (see Figure 4.14). 
Separate solutions of CrO2–Mili-Q water and Fe2O3–Mili-Q water were 
prepared as detailed in Chapter 2 (Section 3.2.2). The final concentrations 
obtained were also 0.06% w/w (0.012% v/v) for each solution. Transmission 
electron microscopy (TEM, Jeol 1010 TEM) and scanning electron 
microscopy (FEI Nova SEM 650) were conducted to verify the size and 




4.2.2 Fabrication of a microfluidic device 
The magnetophoretic platform is schematically presented in Figure 4.1(c). It 
consists of a polydimethylsiloxane (PDMS) block, a heater and a glass slide. 
The microchannel dimensions were set to 1500 μm × 280 μm × 40 mm  
(width × height × length). The channel height of 280 μm was chosen to 
prevent any possible clogging of the microchannel after the entrapment of 
nanoparticles. The microchannel was fabricated from PDMS using soft 
photolithography techniques [3]. In doing so, an SU8-3050 (Microchem, 
USA) layer was spin coated three times at 1000 rpm on a 3-inch diameter 
silicon wafer to produce a 280 μm thickness layer. The sample was then 
exposed to a UV light source using an MA6 mask aligner for 3 min with an 
interval of 1 min between each exposure and developed in an SU-8 
developer for 40 min to realize the patterns on the master. 10 g of PDMS 
base and a curing agent (Sylgard 184, Dow Corning) were mixed in a 10 : 1 
weight ratio and degassed in order to remove the trapped air bubbles using a 
vacuum oven. The PDMS mixture was poured onto the master, such that it 
covered the microchannel, and cured on a hot plate at a temperature of 70 °C 
for 5 min. Next, a small heater made by winding a Eurika wire (2.2 Ω per 
foot) around a 5 mm diameter ceramic ring was integrated onto the PDMS 
block. In order for heat to easily travel through the microchannel, the heater 
was inserted 1 mm from a microchannel side wall. The rest of the PDMS 
mixture was poured into the device to cover the heater. The device was 
cured for a further 15 min on the 70 °C hot plate. The substrate was allowed 
to cool down for 5 min. The PDMS block of 50 mm × 10 mm × 5 mm 
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(length × width × height) was carefully peeled off from the master. The 
fabrication process was conducted in a class 1000 cleanroom. 
The PDMS block was integrated onto a glass slide (Menzel-Glaser, 
USA) of 60 mm × 20 mm × 100 μm (length × width × height). The glass 
thickness of 100 μm was chosen to facilitate the temperature measurement 
using an IR camera. Tygon® microtubes with an internal diameter of 400 
μm were placed into the holes punched within the PDMS block to interface 
with the sample bottle and the syringe pump. 
 
4.2.3 Permanent magnets 
Three sheets of nickel plated neodymium magnet, which are used in 
standard hard disks of computers, with dimensions of  
40 mm × 20 mm × 2 mm (length × width × height), were stacked on top of 
each other to produce a total uniform magnetic field of ~0.36 T at the 
microchannel region, as measured by a Teslameter (F. W. Bell, USA). The 
magnet stack was oriented in such a way that its tip was exposed to the hot 
spot (Figure 4.1(d)). (The magnetic field drops with the distance from the 
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4.3 Results and disscussion 
 
4.3.1 Trapping characteristics of CrO2 and Fe2O3 nanoparticles 
The trapping mechanism of CrO2 and Fe2O3 nanoparticles was studied at the 
flow rates of 10, 40 and 120 μl min−1. The permanent magnet was placed at 
the bottom of the device (Figure 4.1(d)) to provide a strong magnetic field 
within the microchannel. To minimize the heat conduction between the hot 
glass slide and the surface of the permanent magnet, the magnet was isolated 
from the glass by a 0.5 mm layer of rubber (Blu-Tack). Moreover, to ensure 
that the hot region surrounding the heater is visible by the IR camera, the tip 
of the magnet was placed 1.5 mm from the microchannel (Figure 4.4(a)). 
The heater was energized with a constant DC current of 0.5 A and voltage of 
0.4 V for 10 min to allow the system to reach its steady state temperature 
before applying the magnet. 
Figure 4.4 (a) shows a schematic representation of the microchannel. 
Figure 4.4 (b) demonstrates a flow of DI water within the microchannel 
Figures 4.4 (c) and (e) depict the CrO2 nanoparticles trapped along the side 
wall of the microchannel 10 min after the application of magnetic field (refer 
to Figure 4.5 for Fe2O3 nanoparticles trapped under various flow rates). The 
images were captured by a 4× microscope objective lens and assembled 
along the x-axis to demonstrate the full picture. 
Approaching the magnet, the nanoparticles began to form chains, 
were deflected towards the side wall (near hot spot), and also docked 
perpendicular to the side wall (as demonstrated in Figure 4.4 (f)). The 
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docked chains grew to form microsized bundles of CrO2 nanoparticles 
(nanofins) along the side wall with maximum lengths closer to the tip of the 
magnet (Figure 4.4 (f)). At a low flow rate of 10 μl min−1, the maximum 
width of nanofins reached 450 μm, or 30% of the microchannel width 
(0.3Wchannel). At the same time, the total length of the nanofin arrays reached 
~4600 μm (i.e. ~3.1Wchannel). Interestingly, the maximum width and length 
of the nanofins increased with an increase in flow rate (Figures 4.4 (d) and 
(e)). For example, at a flow rate of 40 μl min−1, they increased to 
~0.45Wchannel and ~3.5Wchannel, respectively. Likewise, at a high flow rate of 
120 μl min−1, they reached ~0.68Wchannel and ~3.9Wchannel, respectively. The 
system had a saturation time, after which the growth of nanofins was 
decelerated. Under the aforementioned conditions, the saturation was 
observed 8–10 min after the application of the magnetic field. The nanofins 
can be washed away from the side wall by removing the magnet and 
applying DI water to the microchannel at a flow rate of 200 μl min−1 for  
3 min. A full discussion on the dynamics of the nanofins can be found in 
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4.3.2 Thermophysical properties of CrO2 and Fe2O3 suspensions 
To calculate the values of ρsuspension , µ suspension, cp- suspension and and k suspension 
for the DI water, CrO2 suspension, and Fe2O3 suspension, the author used 
Equations (2.4) to (2.7) which were presented in Chapter 2 [4]. Using these 
equations, the thermophysical properties of CrO2 and Fe2O3 suspensions and 
their fins are calculated as given in Table 4.1 below: 
 
 Table 4.1: Calculated thermophysical properties of CrO2 and Fe2O3 









 ρ (kg/m3) 
998 5220 5240 1049 1047 
Heat capacity, 
 cp (J/kg.K) 
4200 770 550 3974 3969 
Thermal 
conductivity,  
k (W m-1 K-1) 
0.6 31 6 0.621 0.616 
  Volume fraction, 
 Ø (v/v) 
-- -- -- 0.012 0.0115 
Shape factor, n -- 6 3 -- -- 
Viscosity,  
µ (Pa.S) 




4.3.3 Effect of particles’ shape (CrO2 and Fe2O3) on thermal 
conductivity 
Equation (2.7) can be used for computing the thermal conductivity of 
nanofins formed using particles of different length-to-width ratios, and 
Equation (2.8) can be applied to determine the effect of the particles’ shape 
factro (n) on thermal conductivity [4].  
The sphericity factor (ψ  ) is 1 for spherical nanoparticles, and 0.68 
and 0.62 respectively for ellipsoidal structures with the aspect ratios of 5:1 
and 10:1 [7]. The CrO2 particles used in this measurement has a 7:1 ratio 
that falls between these two values and the sphericity of Fe2O3 particles is 1. 
ψ of 0.5 was also included for comparison.  The volume fraction 
concentration of the fins (ØFin) is assumed to be ranging from 10% to 100% 
for materials forming the nanfins. The range is chosen as the author does not 
know how dense the bundles of the nanofins are. The graphs are shown in 
Figure 4.6. As can be seen, the thermal conductivity of the medium changes 
from ~0.77 W m-1 K1 to 31 W m-1 K1 (for CrO2 nanofins) and from ~0.72 W 
m-1 K1 to 6 W m-1 K1 (for Fe2O3 nanofins), when the materials concentration 
ranges from 10 to 100% (sparse nanofins to very dense nanofins).  From 
these calculations, it is obvious that an elongated morphology such as nano-
rod (CrO2) with the aspect ratio of 7:1 (that lies between the 0.62 and 0.68 
sphericity graphs) in this case will perform better than any morphology of 
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glass slide, as described in the previous section. However, for cases (i) and 
(ii) there was no magnetic field present. In order to mimic the same 
situations for these two cases and capture comparable geometries by the IR 
camera, a 1 mm thick aluminum plate was placed exactly at the location of 
the permanent magnet (see Figure 4.1(d)). The aluminum plate was 
separated from the glass slide by a thin layer of rubber (Blu-Tack) to 
insulate it thermally. In comparison to CrO2, almost no change was 
discernible in the thermal images of Fe2O3 suspensions at similar cases. As a 
result, only the thermal profiles of Fe2O3 suspensions are shown in the next 
section for comparison and discussion. Figure 4.8(a) shows a representation 
of the obtained temperature contours. Figures 4.8(b–d) show the obtained 
temperature contours at the glass surface for the aforementioned three cases 
at the flow rate of 40 μl min−1. The results were captured after 20 min, with 
10 min to ensure that the system had reached a steady state temperature with 
the flow of DI water and an extra 10 min to ensure that nanofin structures 
had been formed whilst subjected to the magnetic field with the constant 
flow of nanoparticles. The heat, generated by the heater, was propagated 
through the PDMS via conduction, as evidenced by the symmetric 
distribution of temperature contours across the PDMS. However, after 
reaching the microchannel, there was a competition between the conduction 
and convection mechanisms to convey the heat. In case (i), the hot side wall 
of the microchannel reached a maximum temperature of 313.8 K (Figure 4.8 
(b)). At a high flow rate of 40 μl min−1, the low thermal conductivity of DI 
water led to poor conduction through the microchannel, as evidenced by the 
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stretching of temperature contours towards the microchannel outlet (Figure 
4.8 (b)). This led to a maximum temperature of 307 K at the opposite side of 
the microchannel and an average temperature of 304 K at the outlet (Figure 
4.8 (b)). In case (ii), the heat exchange between the hot spot and the coolant 
fluid was improved by adding CrO2 nanoparticles (0.06% w/w) into the 
suspension. No magnetic field was applied in this case. CrO2 nanoparticles 
had a higher thermal conductivity than DI water and increased the overall 
thermal conductivity of the suspension, as evidenced by the advancement of 
the red contours towards the opposite wide wall and the outlet. This 
increased the maximum temperatures of the hot and cold side walls to  
315 K, and 308 K, respectively, whiles the average outlet temperature of the 
microchannel increased to 304.6 K (Figure 4.8 (c)). Similar effects have 
been demonstrated by other researchers [8-11] 
In case (iii), a permanent magnet was applied to the system. The 
magnet generated a magnetic field and caused CrO2 nanoparticles to form 
chains which eventually created nanofins at the hot spot, as shown in Figure 
4.4(c). Given the high thermal conductivity of nanofins (31 W m−1 K−1) 
[12], they provided an efficient path to conduct the heat from the hot side 
wall towards the core of the microchannel, as evidenced by further 
advancement of red contours towards the opposite side wall and the outlet 
(Figure 4.8 (d)). This increased the maximum temperature along the hot and 
cold side walls to 316 K and 308 K, respectively, while the average outlet 
temperature increased to 306.5 K.  
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Figures 4.8 (e–g) show the obtained temperature contours at the glass 
surface for the three cases at the flow rate of 120 μl min−1. Likewise, these 
results were captured 10 min after the system had reached its steady state 
temperature. Similar trends were observed in the temperature contours 
before and after the addition of nanoparticles and also after applying the 
magnetic field. However, increasing the flow rate to 120 μl min−1 enhanced 
the convective heat transfer across the microchannel, which resulted in a 
general temperature drop across the microfluidic platform (Figures 4.8 (e–
g)). 
Simulations are also conducted to verify and further discuss the 
performance of the systems with and without nanoparticles as well as in 
conditions in which the CrO2 nanoparticles are trapped in the presence of a 
magnetic field and form nanofins. The optimum flow rate of 120 μl min−1 is 
used for these simulations. Additionally, in order to compare the results and 
assess the conditions for increasing the thermal exchanges between the hot 
spot and the liquid coolant in the channel, a set of thermal performance 
analyses was conducted by investigating the temperature profiles along the 
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flow rate of 40 µl min-1: (e) DI water flows through the microchannel.        
(f) Fe2O3 nanoparticle suspension in the absence of the magnet.                  
(g) Fe2O3nanoparticle suspension in the presence of the magnet, leading to 
formation of Fe2O3 nanofin along the side wall. At a flow rate of  
120 µl min-1: (h) DI water flows through the microchannel.                         
(i) Fe2O3nanoparticle suspension in the absence of the magnet. (j) Fe2O3 
nanoparticle suspension in the presence of the magnet, leading to formation 
of Fe2O3 nanofin along the side wall. 
 
4.3.5 Numerical simulations 
Extensive CFD simulations were carried out to further analyse the thermal 
performance of the magnetophoretic system. The simulations were 
conducted in both three-dimensions and steady state using the ANSYS 
Fluent 6.3 (Canonsburg, PA, USA) software package. This involved solving 
the differential equations governing the balance of mass, momentum and 
energy to calculate the variations of velocity, pressure and temperature 
throughout the microchannel, as given in Equations (3.4) to (3.6) in  
Chapter 3. 
 The values of ρ, µ, cp and k for the DI water, CrO2 suspension, and 




 The simulations involved solving the energy equation for the heater, 








where kheater, kPDMS, knanofin and kglass are the thermal conductivities of the 
heater, PDMS block, nanofins and glass slide, respectively, while  is 
the source term representing the power injected via the heater. 
 The boundary conditions used for calculating the variations of 
velocity and pressure within the microchannel include the zero pressure at 
the inlet and the desired flow rate at the outlet of the microchannel. No slip 
boundary condition was applied at the surfaces of the channel for the pure 
liquid, which was replaced with the slip boundary condition for the CrO2 or 
Fe2O3 suspensions, as detailed in previous work [4]. The boundary 
conditions used for calculating the variations of temperature within the solid 
parts included: the ambient temperature at the inlet of the channel, a fully 
developed boundary condition at the outlet of the channel, and free 
convection at the free surfaces of the system in contact with the surrounding 
environment with the natural convection coefficient assumed to be  
10 W m-2 K-1. The value of was calculated by considering the injected 
power as 0.2 W. 
02 =+∇ heaterheater QTk &







 Simulations were conducted at a flow rate of 120 µl min-1 and in 
three different cases to be in line with the experiments: (i) DI water flowing 
through the channel, (ii) a suspension of CrO2 nanoparticles flowing through 
the channel, and (iii) a suspension of CrO2 nanoparticles flowing through the 
channel while a CrO2 nanofin structure is formed along the hot side wall.  
 Figure 4.10 shows the simulated temperature contours along the 
external surface of the glass slide (which was experimentally measured 
using the thermal imaging camera) as well as along the plane normal to the 
microchannel, which passes through the heater and magnetically formed 
nanofins (which cannot be measured using the thermal imaging camera).  
 For case (i), the simulations indicated the propagation of heat 
towards the microchannel, which was associated with the deflection of 
temperature contours towards the right (Figure 4.10 (a)), which was also 
confirmed in the thermal imaging experiments. The cross sectional contours 
indicated that the temperature does not significantly change along the 
thickness of the glass slide and the height of channel. This means that the 
temperature contours obtained by thermal imaging camera could correctly 
obtain the temperature variations across the channel (Figure 4.10 (b)). 
However, a sharp temperature drop of 6.1 K was obtained across the width 
of the channel, indicating the dominance of convection (Figure 4.10 (b)). 
 For case (ii), the heat was more smoothly propagated within the 
system, as evidenced by advancement of ‘yellow’ and ‘green’ bands towards 
the microchannel, and also the receding of the ‘blue’ band along the channel 
(Figure 4.10 (c)). Moreover, the temperature drop across the width of the 
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channel reduced to 5.05 K, indicating the improvement of the thermal 
conduction through the channel (Figure 4.10 (d)). 
 For case (iii), the nanofin bundles were simulated using a structure 
(the conditions of this structure are presented in previous work [1] formed 
adjacent to the hot side wall of the microchannel with a geometry similar to 
that obtained in experiment (Figure 4.4(e)), which extended along the height 
of the channel. The simulations revealed that the formation of the CrO2 
nanofins led to better propagation of heat through the entire microfluidic 
system, as evidenced by the formation of a ‘yellow’ region at the location of 
nanofins, as also the receding of the ‘blue’ band along the channel (Figure 
4.10 (e)). More interestingly, the temperature drop across the width of the 
channel reduced to 3.15 K (Figure 4.10 (f)). In other words, the 
incorporation of CrO2 nanofins resulted in an increase of a forced convection 
through the microchannel and also the free convection across the free 
surfaces of PDMS block and the glass slide, which in turn avoided the 
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4.3.6 Thermal performance of CrO2 vs. Fe2O3 nanofins 
To further explore the effectiveness of CrO2 and Fe2O3 nanofin structures, 
the author studied the thermal performance of the system under different 
flow rates of 10, 40 and 120 μl min−1. In all cases, the heater was energized 
by applying a DC signal of 0.5 A and 0.4 V. Both nanoparticle suspensions 
were applied under the same concentration (0.06%, w/w), and the results 
were obtained after 10 min. The variations of temperature were examined 
along nine parallel lines across the channel including both side walls; thus, 
there was a gap of 187.5 μm between the lines. At each flow rate, 
temperature variations were studied for the cases of (i) DI water, (ii) CrO2 
nanoparticle suspension without magnet, (iii) CrO2 nanoparticle suspension 
with a magnet, (iv) Fe2O3 nanoparticle suspension without a magnet, and (v) 
Fe2O3 nanoparticle suspension with a magnet. When comparing different 
cases, three characteristic temperatures of the system were focused, 
including: the maximum temperature of the channel side wall close to the 
heater, Thot, the maximum temperature of the channel side wall far from the 
heater, Tcold, and the average temperature of the outlet, Toutlet. Here, the 
author demonstrate the thermal performance of the system at the flow rates 
of 10 (see Figure 4.11), 40 and 120 μl min−1 (see Figure 4.12).  For the case 
involving the constant flow rate of 10 μl min−1, the conduction was more 
dominant than the convection so it could not be directly compared to the 40 
and 120 μl min−1 cases. At a low flow rate of 10 µl min-1, the temperature 
plots follow a bell-shaped configuration, where the peak temperatures in the 
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At a low flow rate of 40 μl min−1, the application of DI water, case 
(i), led to the following temperatures along the microchannel:  
Thot = 313.5 K, Tcold = 307 K and Toutlet = 304 K (Figure 4.12(a)). 
Alternatively, addition of CrO2 nanoparticles to DI water, case (ii), led to a 
slight increase of temperatures along the microchannel: Thot = 315 K,  
Tcold = 308 K and Toutlet = 304.6 K (Figure 4.12 (b)), which can be attributed 
to higher thermal conductivity of the suspension. Interestingly, the activation 
of the magnetic field in the presence of CrO2 nanoparticle suspension, case 
(iii), led to a further increase of temperature along the microchannel:  
Thot = 316 K, Tcold = 308 K and Toutlet = 306.5 K (Figure 4.12 (c)), which can 
be attributed to strong conduction along the patterned nanofin structure. The 
extent of the formed nanofin is shown in the graph. Moreover, a temperature 
drop of 4 K was observed from the base to the tip of the nanofin.  
Increasing the flow rate to 120 μl min−1 enhanced the convective heat 
transfer through the microchannel and thus reduced the overall temperature 
across the system. For the case of DI water, case (i), the following 
temperatures were measured along the microchannel: Thot = 309 K,  
Tcold = 304 K and Toutlet = 303.3 K (Figure 4.12 (a)). Addition of CrO2 
nanoparticles to DI water, case (ii), slightly increased the temperatures along 
the microchannel: Thot = 310 K, Tcold = 304 K and Toutlet = 304 K (Figure 
4.12 (b)), as observed before. Activation of the magnetic field in the 
presence of CrO2 nanoparticle suspension, case (iii), further increased the 
temperature along the microchannel: Thot = 313 K, Tcold = 304 K and  
Toutlet = 304.2 K (Figure 4.12 (c)). Moreover, the temperature drop from the 
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base to the tip of the nanofin increased to 6.4 K. In contrast, the addition of 
Fe2O3 nanoparticles to DI water, case (iv), led to almost similar trends 
observed for the DI water at both flow rates of 40 and 120 μl min−1 (Figure 
4.12 (d)). However, activation of the magnetic field in the presence of the 
Fe2O3 nanoparticle suspension, case (v), increased the overall temperature 
along the microchannel: Thot = 314 K, Tcold = 306.2 K and Toutlet = 304.2 K at 
a flow rate of 40 μl min−1 (Figure 4.12 (e)). Moreover, a temperature drop of 
4.5 K was observed from the base to the tip of the Fe2O3 nanofin. Compared 
to the case of the CrO2 nanoparticle suspension, case (iii), temperature 
increase was less, which can be attributed to the low thermal conductivity of 
Fe2O3 nanoparticles (6 W m−1 K−1) [13] compared to CrO2 nanoparticles  
(31 W m−1 K−1) [11]. Moreover, the spherical structure of Fe2O3 
nanoparticles led to more phonon scattering, which in turn could cause a 
heat loss along the chains. In contrast, the CrO2 nanoparticles had a rod-
shaped structure, as shown in the SEM images (Figure 4.1(a)), allowing 
phonons to propagate with minimal scattering, which imposed less heat loss 
along the chains. Increasing the flow rate to 120 μl min−1 led to similar 
trends and the following temperatures were measured along the 
microchannel: Thot = 311 K, Tcold = 304.2 K and Toutlet = 303.5 K at a flow 
rate of 40 μl min−1 (Figure 4.12 (e)). The temperature drop from the base to 


















































4.3.7 Effect of narrow microchannel on trapping and thermal 
performance of Fe2O3 nanofins at 40 µl min-1 
A set of experiments was conducted to observe the formation of the nanofin 
bundles at different widths of the microfluidic channel, which is presented in 
Figure 4.13.  
The author has conducted experiments with various widths of the 
microchannel’s (1500, 1000 and 500 µm). The results show that reducing 
the microchannel’s width does not increase or decrease the growth rate of 
nanofins (Figure 4.13). Although making the channel smaller facilitates the 
conductive heat transfer across the channel, it can potentially results in 
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4.3.8 Effect of different sized of Fe2O3  
4.3.8.1    Size distribution of Fe2O3 nanoparticles 
Further investigation of heat transfer was conducted with different sizes of 
Fe2O3 nanoparticles. The original sample of Fe2O3 nanoparticle suspension 
has an average diameter of 184 nm, as confirmed by Dynamic Light 
Scattering (DLS) (ALV-GmbH, Germany) measurements (Figure 4.14). 
This solution was then been separated using Nylon Syringe Filters of two 
different sizes: (1) with the porosity of 220 nm and (2) with the porosity of 
450 nm. The collected samples had the average diameters of 106 nm and 
128 nm, respectively (see Figure 4.14). The new samples were centrifuged 
and diluted to produce the same concentrations (0.06% w/w) to the original 
sample. These new samples were used for further studies of trapping 
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an average diameter of 106 nm. The experiments were carried out at the 
flow rate of 40 μl min−1. The results are shown in Figures 4.15 and 4.16. As 
can be seen in Figure 4.15, after 10 min the nanofins' height reached 50%, 
56% and 67% of the channel width for suspensions of 184 nm, 128 nm and 
106 nm particles, respectively. As can be seen in Figure 4.16, the nanofins 
formed using the smaller particles (106 nm) shows an improvement in heat 
transfer and the maximum temperature (Tcold) at the opposite side wall of the 
microchannel was increased by ~2 K compared to the nanofins formed by 
the larger nanoparticles (184 nm). This better heat transfer for smaller 
particles can be attributed to two reasons. Longer nanofins are formed that 
can more efficiently transfer the heat into and other side of the microchannel 
as well as the fact that more nanoparticles are in intimate contact with each 
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In this chapter, the author presented a magnetophoretic system to enhance 
the heat exchange in a microfluidic platform with an embedded heater. 
Experiments with CrO2 and Fe2O3 nanoparticles indicated that magnetically 
formed nanofins could be established along the walls of the microchannel 
upon the application of a magnetic field. The nanofins were quite stable and 
their configurations did not significantly change by increasing the flow rate 
from 10 to 120 µl min-1. CrO2 nanoparticles had a higher thermal 
conductivity and were rod-shaped, and therefore the nanofins made of CrO2 
perform better than their Fe2O3 counterparts, which were comprehensively 
discussed. The spherical Fe2O3 nanoparticles’ cooling effect was minimal 
due to their low thermal conductivity and high phonon scattering, which in 
turn reduce their efficiency. Compared to the case of DI water as the coolant 
fluid, the formation of CrO2 nanofins could increase the maximum 
temperature of the hot side wall and the average temperature of the outlet by 
2.5 and 2.5 K, respectively, at a flow rate of 40 µl min-1, and by 4 and 0.9 K, 
respectively, at a flow rate of 120 µl min-1. This meant that the heat 
conduction across the nanofins led to better propagation of heat across the 
platform, reducing the temperature at hot spots. The outcomes of this 
chapter showed the importance of the selection type and morphology of 






[1] P. Yi, K. Khoshmanesh, A. F. Chrimes, J. L. Campbell, K. Ghorbani, 
S. Nahavandi, et al., "Dynamic Nanofin Heat Sinks," Advanced 
Energy Materials, vol. 4, DOI: 10.1002/aenm.201300537, 2014. 
[2] P. Yi, K. Khoshmanesh, J. L. Campbell, P. Coughlan, K. Ghorbani, 
and K. Kalantar-zadeh, "Investigation of different nanoparticles for 
magnetophoretically enabled nanofin heat sinks in microfluidics," 
Lab on a Chip, vol. 14, pp. 1604-1613, 2014. 
[3] K. Khoshmanesh, C. Zhang, F. J. Tovar-Lopez, S. Nahavandi, S. 
Baratchi, K. Kalantar-zadeh, et al., "Dielectrophoretic manipulation 
and separation of microparticles using curved microelectrodes," 
Electrophoresis, vol. 30, pp. 3707-3717, 2009. 
[4] P. Yi, A. A. Kayani, A. F. Chrimes, K. Ghorbani, S. Nahavandi, K. 
Kalantar-zadeh, et al., "Thermal analysis of nanofluids in 
microfluidics using an infrared camera," Lab on a Chip, vol. 12,  
pp. 2520-2525, 2012. 
[5] E. Takegoshi, Y. Hirasawa, S. Imura, and a. T. Shimazaki, 
"Measurement of Thermal Properties of Iron Oxide Pellets," 
International Journal of Thermophysics, vol. 5, pp. 219-228, 1984. 
[6] X. Zhang, Y. Chen, L. Lu, and Z. Li, "A potential oxide for magnetic 
refrigeration application: CrO2 particles," Journal of Physics-





[7] R. L. Hamilton and O. K. Crosser, "Thermal Conductivity of 
Heterogeneous Two-Component Systems," Industrial & Engineering 
Chemistry Fundamentals, vol. 1, pp. 187-191, 1962. 
[8] J.-Y. Jung, H.-S. Oh, and H.-Y. Kwak, "Forced convective heat 
transfer of nanofluids in microchannels," International Journal of 
Heat and Mass Transfer, vol. 52, pp. 466-472, 2009. 
[9] M. Ghazvini and H. Shokouhmand, "Investigation of a nanofluid-
cooled microchannel heat sink using Fin and porous media 
approaches," Energy Conversion and Management, vol. 50,  
pp. 2373-2380, 2009. 
[10] W. Duangthongsuk, A. S. Dalkilic, and S. Wongwises, "Convective 
Heat Transfer of Al2O3-water Nanofluids in a Microchannel Heat 
Sink," Current Nanoscience, vol. 8, pp. 317-322, 2012. 
[11] Y. Fan, X. L. Zhong, J. Liu, T. Wang, Y. Zhang, and Z. N. Cheng, 
"Computational fluid dynamics for effects of coolants on on-chip 
cooling capability with carbon nanotube micro-fin architectures," 
Microsystem Technologies-Micro-and Nanosystems-Information 
Storage and Processing Systems, vol. 15, pp. 375-381, 2009. 
[12] P. Nordblad, "Magnetocaloric materials: Strained relations," Nature 
Mater, vol. 12, pp. 11-12, 2013. 
[13] J. F. Shackelford and W. Alexander, CRC Materials Science and 







PDMS/Al2O3 nanocomposite for heat transfer 




In chapter 2, 3 and 4, the author focused on nanoparticle suspensions in 
liquid, where she presented a free flow of the suspensions and forming 
nanofin heat sinks onto the hot spots in microfluidics. However, in this 
chapter 5, the author attempts to embed nanoparticles into the microfluidic 
structure to enhance the thermal conductivity of the microfluidic platforms.  
In this chapter, the author introduces a method to enhance the 
thermal conductivity of the PDMS matrix for a better heat exchange in 
microfluidic channels; by mixing it with thermally conductive nanoparticles 
of Al2O3 (MWCNT composite is also included for comparison). The 
obtained nanocomposites are fully characterized to reveal their flexibility, 
thermal properties and nanoparticle homogeneity within the polymeric 
matrix. Experimental measurements and numerical simulations are presented 
to fully understand the thermal performance of microfluidic systems made 
from the developed nanocomposite. This study provides a proof-of-concept, 
which can offer a practical solution for the cooling of future 
microelectronics technologies using polymer based microfluidics. The work 
in this chapter was published as a full article in Lab-on-a-Chip journal [1].  
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5.2 Experimental section 
 
5.2.1 Thermal conductivity measurements of nanocomposites 
5.2.1.1    Dispersion of nanoparticles in PDMS 
MWCNT and Al2O3 nanoparticles (Sigma Aldrich, Australia) were used to 
form nanocomposites of PDMS. The MWCNT or Al2O3 nanoparticles were 
added into the PDMS matrix at desired concentrations and manually stirred 
for 10 min, followed by the sonication in an ultrasonic bath (Unisonics, 
Australia) for a further 20 min to mix thoroughly in order to obtain 
uniformity of distribution within a polymer matrix. The PDMS 
curing/crosslink agent (Sylgard 184, Dow Corning) was added to the 
mixture to form a 10:1 ratio. The sample was stirred manually for 10 min, 
and then degassed for 30 min in order to remove the trapped air bubbles 
using a vacuum oven.  
The prepared PDMS/MWCNT or PDMS/Al2O3 nanocomposites 
were cured overnight at room temperature in a blue plastic tube (PUN 
tubing, FESTO) to provide the cylindrical shape of the nanocomposite. The 
tube was cut to provide a length to diameter ratio of larger than 5 and was 
blocked from one side using a microscopic glass slide. To ensure that heat 
conduction occurred only along the length of the cylindrical 
nanocomposites, the sample was further insulated tightly in a block of foam. 





5.2.1.2    Apparatus for the thermal conductivity measurements 
An experimental setup for the thermal conductivity measurements is shown 
in Figure 5.1. It consisted of a hot plate, a cured mixture of nanoparticles in 
PDMS in the blue plastic tube wrapped around by the block of foam. To 
reduce measurement errors, the author conducted experiments with different 
tubing lengths of 35 and 65 mm at different hot plate temperatures of 45, 65 
and 95 °C. Each experiment was repeated at least three times. The hot plate 
was pre-heated to reach the desired temperatures. The sample was then 
placed on a hot plate for 30 min. Then the temperature of the hot plate and 
the tip of the sample were measured using an IR thermal imaging camera. 
Assuming a one-dimensional heat transfer along the length of the tube, the 
thermal conductivity of the PDMS/MWCNT or PDMS/Al2O3 
nanocomposites was calculated as below [2]:  
(5.1) 
where k is the thermal conductivity of the PDMS/MWCNT or PDMS/Al2O3 
nanocomposites, l is the length of the tube, Thot is the temperature of the hot 
plate in contact to the tube, Tcold is the average temperature at the tip of the 
PDMS/MWCNT or PDMS/Al2O3 nanocomposites, Tamb is the ambient 
temperature and h is the free convection coefficient which is assumed to be            
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temperature throughout the structure, the heat exchange between the block 
and the surrounding air could be expressed as below:  
 
where T is temperature, m is the mass of the block, cp is the specific heat 
capacity of the block, t is time, h is a free convection coefficient (taken a 
constant value as 10 W m-1 K-1), A is the total surface area of the block, and 
T∞ is the ambient temperature.  
Assuming that the initial temperature is , the transient temperature 
of the block can be expressed as below:           
  
        (5.3) 
which can be written as below:       
        (5.4) 
and in the logarithmic scale, the slope of the line can be calculated as: 
 
The mass of the blocks was weighted using a digital scale (KERN EW 420-
3NM, Germany). The measurement results are summarized in Table 5.1 and 
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5.2.4 Microfluidic devices 
To investigate the impact of the increased thermal conductivity of the 
PDMS/Al2O3 nanocomposite on the thermal performance of a microchip, 
the author used a simple microfluidic platform, as shown in Figure 5.4. The 
microfluidic platform consisted of a PDMS or PDMS/Al2O3 nanocomposite 
(fabrication process presented in the next section) which accommodated a 
rectangular microchannel with dimensions of 1000 μm × 260 μm (width × 
height) and 45 mm length that is assembled on a 100 μm thick glass 
substrate. This substrate thickness was chosen to allow minimal dispersion 
of heat within the glass base, so the IR measurements became an accurate 
depiction of the temperature in the microfluidic channel. A small cylindrical 
heater with dimensions of 5 mm × 1 mm (diameter × height) was integrated 
into the PDMS or PDMS/Al2O3 nanocomposites to generate heat during the 
thermal measurements. 
 
5.2.5 Fabrication process of the microfluidic systems 
The microchannel was fabricated from PDMS, and PDMS/Al2O3 (and for 
comparison PDMS/MWCNT) nanocomposites using soft photolithography 
techniques [6]. An SU8-3050 (Microchem, USA) layer was spun coated 
three times at 1000 rpm on a 3 inch diameter silicon wafer to produce a  
260 μm thickness layer. The sample was then exposed to UV light source 
using an MA6 mask aligner for 3 min with an interval of 1 min between 
each exposure, and developed in SU-8 developer for 40 min to realize the 
desired patterns on the master. The MWCNT (thermal conductivity:  
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~3000 W m−1 K−1 [7] dimensions: 13–18 nm outer diameter and 3–30 μm 
length) and Al2O3 nanoparticles (thermal conductivity: ~40 W m−1 K−1 [8] 
average dimension < 50 nm) were purchased from Sigma- Aldrich, 
Australia.  
In order to fabricate the PDMS/Al2O3 nanocomposite, the 
nanoparticles should be thoroughly mixed with PDMS to achieve a 
homogeneous and uniformly distributed polymer matrix. The procedure 
began by adding the desired weight percentage of Al2O3 nanoparticles into 
the PDMS matrix and manually stirred for 10 min, followed by sonication in 
an ultrasonic bath (Unisonics, Australia) for a further 20 min. The PDMS 
curing/crosslinking agent (Sylgard 184, Dow Corning) was added to the 
mixture to form a 10 : 1 ratio. The sample was stirred manually for 10 min, 
and then degassed for 30 min in order to remove the trapped air bubbles 
using a vacuum oven. The PDMS/Al2O3 nanocomposite was poured onto the 
master to reach a height of ~2 mm and cured on a hot plate with a 
temperature of 70 °C for 7 min. 
Next, a small heater made by winding a Eurika wire (2.2 Ω per foot) 
around a 5 mm diameter ceramic ring was integrated into the PDMS or 
PDMS nanocomposite block. The heater was inserted 1 mm away from the 
side wall of the microchannel. 
The rest of the PDMS or PDMS nanocomposite mixture was poured 
into the device to cover the heater and reach the overall height of the PDMS 
or PDMS nanocomposite block to 6 mm. The device was cured for 20 min 
on the 70 °C hot plate. 
125 
 
The substrate was allowed to cool down for 5 min. Then, the 
PDMS/Al2O3 block of 60 mm × 20 mm × 6 mm (length × width × height) 
was carefully peeled from the master. The mixes were all thermally curable 
for all Al2O3 nanoparticles concentrations presented in this chapter. The 
fabrication process was conducted in a class 1000 cleanroom. 
The PDMS or PDMS nanocomposite block was integrated onto a 
glass slide (Menzel-Glaser, USA) of 60 mm × 20 mm × 0.1 mm (length × 
width × height). The glass thickness of 100 μm was chosen to reduce the 
temperature drop through the thickness of the glass such that the 
temperatures measured by the IR camera could be as close as possible to the 
temperature of liquid inside the microchannel. Tygon® microtubes with an 
internal diameter of 400 μm were placed into the holes punched in the 
PDMS block to interface with the sample bottle and the syringe pump. The 
fabrication process was repeated with different concentrations of 
PDMS/Al2O3 nanocomposites. The process of fabricating PDMS/MWCNT 
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5.3 Results and discussion 
 
5.3.1 Homogeneity and roughness of PDMS/Al2O3 nanocomposites 
Scanning electron microscope (SEM) imaging of 2 and 10% w/w 
PDMS/Al2O3 nanocomposites (Figure 5.5(a)) reveal the existence of Al2O3 
nanoparticles randomly distributed within the PDMS matrix. The roughness 
of the composites was investigated by atomic force microcopy (AFM) 
probing. This revealed that the roughness of the nanocomposites increases to 
±50 and ±400 nm region values, respectively, for the 2% and 10% w/w 
PDMS/Al2O3 nanocomposites (Figure 5.5(b)). It appeared that at 10% w/w 
concentration, large islands of Al2O3 were formed as a result of some 
agglomeration of the nanoparticles, while they were much better dispersed at 
2% w/w. The homogeneity and roughness of PDMS/Al2O3 nanocomposites 
can be further improved by using a vortex mixer to mix the Al2O3 
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5.3.2 Improving the dispersion of Al2O3 nanoparticles in PDMS 
In order to improve the dispersion of Al2O3 (average diameter of <50 nm) in 
PDMS, the mixing procedure of nanocomposites has been improved. Instead 
of manual stirring, a shaker (Vortex mixer - Select BioProducts, Australia) 
was applied to mix the Al2O3 nanoparticles with PDMS matrix at various 
speeds of 1200-2200 rpm for 15 min. Next, the sample was placed in an 
ultrasonic bath (ultrasonic power = 180 W) for 30 min to minimize the 
aggregation of Al2O3 within the matrix. Afterwards, the PDMS 
curing/crosslinking agent (Sylgard 184, Dow Corning) was added to the 
mixture in a 10:1 ratio. The sample was then shaken by the shaker at a speed 
of 1200 rpm for 10 min. The sample was degassed for 30 min at a pressure 
of 25 kPa in order to remove the trapped air bubbles using a vacuum oven. 
The PDMS/ Al2O3 nanocomposite was poured onto the master and cured on 
a hot plate with a temperature of 70 °C for 20 min.  
 Figure 5.6 shows the homogeneity and roughness of PDMS/Al2O3 
nanocomposites at 10% w/w, obtained by the abovementioned process. As 
can be seen from Figure 5.6(a), by increasing the speed of the shaker, the 
Al2O3 nanoparticles are distributed more uniformly within the PDMS 
matrix, and the agglomeration of Al2O3 nanoparticles has decreased. For 
example, by increasing the speed of the shaker from 1200 to 2200 rpm, the 
average dimension of Al2O3 agglomerates reduced from ~70 to ~20 nm 
(Figures 5.6(a(i) and (iii))).    
 The roughness of the nanocomposites was also investigated by AFM 
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5.3.3 Thermal conductivity and specific heat capacity of PDMS/Al2O3 
nanocomposites  
Figure 5.7(a) shows the thermal conductivity and specific heat capacity of 
PDMS/Al2O3 nanocomposites in various concentrations of 0 to 10% w/w. 
As previously presented, the thermal conductivity of pure PDMS is  
~0.15 W m−1 K−1, while it is ~40 W m−1 K−1 for Al2O3. Intuitively, by 
increasing the concentration of the Al2O3 nanoparticles the thermal 
conductivity of the nanocomposite should also increase. The thermal 
conductivities of pure PDMS and PDMS/Al2O3 nanocomposites were 
obtained by measuring the temperature drop along cylindrical-shaped 
structures insulated within in a blue plastic tube (PUN tubing, FESTO), as 
detailed in Section 5.2.1.2. These experiments indicated that the thermal 
conductivity of PDMS/Al2O3 nanocomposite increases from  
0.152 W m−1 K−1 for that of pure PDMS to 0.294 W m−1 K−1for the 2% w/w 
nanocomposite. 
 Mixing Al2O3 nanoparticles exceeding 5% w/w, the thermal 
conductivity of the nanocomposites became saturated at a value of ~0.35 W 
m−1 K−1, and could be expressed by an exponential equation presented in 
Figure 5.7 (a). The existence of discrete islands of highly thermally 
conductive nanoparticles isolated by low conductive PDMS regions that was 
seen by the AFM profiles (Figure 5.5(b)) explains the saturation of the 
composites' thermal conductivity at high concentrations of nanoparticles. 
The measurements indicated that the thermal conductivity of the 
nanocomposite was also affected by the size of Al2O3 nanoparticles. For 
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example, using larger Al2O3 nanoparticles (with an average dimension of 
<400 nm) the thermal conductive of the nanocomposite was reduced by 
~10%, as presented in Section 5.3.6. The thermal conductivity of 
PDMS/MWCNT nanocomposite is also shown in Figure 5.8 for comparison. 
A similar trend could be observed for the PDMS/MWCNT nanocomposite. 
However, the superior thermal conductivity of MWCNTs  
(~3000 W m−1 K−1) resulted in a thermal conductivity of ~1.25 W m−1 K−1, 
which was almost 4 times larger than that of PDMS/Al2O3 nanocomposite of 
the same concentration and still had not saturated at a concentration of 10% 
w/w. Despite a better thermal performance, the health hazards posed by 
MWCNT27 [9-11] prohibited the author from further using them in the rest 
of the work. Another issue regarding nanocomposites of the MWCNT was 
that they become highly electrically conductive at above ~5% w/w, which 
was not favorable in many microfluidic systems. 
 The specific heat capacity of PDMS or PDMS/Al2O3 
nanocomposites was also obtained by measuring the transient temperature 
drop of cubic structures and applying the lumped capacity method, as 
detailed in Section 5.2.2. In contrast to the thermal conductivity, the specific 
heat capacity of PDMS/Al2O3 nanocomposite was seen to exponentially 
decrease with an increase of Al2O3 nanoparticles (Figure 5.7 (a)). The heat 
capacity of pure PDMS was 1.38 kJ kg−1 K−1 which reduced to 1.29 kJ kg−1 





5.3.4 Elasticity of PDMS/Al2O3 nanocomposites 
Next, the author measured the elasticity (E) of pure PDMS and 
PDMS/Al2O3 nanocomposites using a Universal Testing Machine (UTM; 
WL 2100; Instron, Norwood, MA) according to the KSM 6518 test method  
[4] as detailed in Section 5.2.3. The average elasticity of the specimens 
based on 5 times repetition was 2.47, 2.23 and 1.94 MPa for the pure PDMS, 
2% and 10% w/w PDMS/Al2O3 nanocomposites, respectively (Figure 
5.7(b)). The elasticity of the nanocomposite dropped by increasing the Al2O3 
concentration. The author hypothesize that this was due to the disruption of 
polymeric chains of the PDMS after the incorporation of Al2O3 
nanoparticles. To verify this, Raman spectroscopy was conducted. 
 
5.3.5 Raman spectroscopy of PDMS/Al2O3 nanocomposites 
Raman spectroscopy was employed to identify the changes in the chemical 
structures of the PDMS after the addition of Al2O3 nanoparticles. The author 
focused a monochromatic laser beam with a wavelength of 785 nm onto the 
surface of the samples and collected the Raman signals using a 
PerkinElmer® RamanStation™ 400F machine, USA. The spectra were all 
normalized against the Raman shift peak at 2964 cm−1 (CH3 asymmetric 
stretching), as shown in Figure 5.7(c). Compared to pure PDMS, the major 
peak at 2904 cm−1 corresponds to CH3 symmetric stretching, decreased by 
12% and 17% for the 2% and 10% w/w Al2O3 nanocomposites, respectively. 
 This meant that the addition of Al2O3 increases the disorder of the 
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PDMS with 10% w/w Al2O3 nanoparticles. While the pure PDMS was 
transparent the addition of Al2O3 nanoparticles makes it rather milky, even 
at a low concentration of 2% w/w. Despite this, the nanocomposites were 
still soft and flexible (see Figure 5.7(b)). Figures 10(d–f) represent the 
obtained temperature contours at the glass substrate for the cases (i–iii) at 
the flow rate of 40 μl min−1.  
 In case (i), a hot spot with a maximum temperature of 326 K was 
formed at the surface of the glass (Figure 5.10(d)). The heat propagated 
through PDMS via conduction, as evidenced by the symmetric distribution 
of temperature contours around the hot spot. However, the low thermal 
conductivity of the pure PDMS (0.152 W m−1 K−1, Figure 5.5(a)) leads to 
sharp temperature gradients across the surface. Approaching the 
microchannel, the temperature contours were stretched to the right due to 
convection. Similar trends could be observed for cases (ii) and (iii). 
However, the increased thermal conductivity of the PDMS/Al2O3 
nanocomposites (0.294 W m−1 K−1for case (ii) and 0.364 W m−1 K−1 for case 
(iii)) facilitated the propagation of heat thought the matrix, which in turn 
reduced the temperature of the hot spot to 322 and 318 K, respectively. 
 To further characterize the impact of the increased thermal 
conductivity of the matrix, the author plotted the variations of temperature 
along three arbitrary lines parallel to the microchannel (Figures 5.10(g–i)). 
This includes line A which lied along the middle of the hot spot, line B 
which lied along the hot side wall of the microchannel and line C which lied 
along the cold side wall of the microchannel. The temperature varied along 
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these three lines with a similar trend. The temperature at the far left of the 
lines (inlet of the microchannel) was the same as the ambient temperature, 
and increased gradually until reaching a peak temperature along the hot spot 
and then decreased towards the outlet of the microchannel. The temperature 
peaks observed along these three lines could be considered as the 
characteristic temperatures of the system, as they showed the propagation of 
heat both within the PDMS matrix and the microchannel, and thus were 
referred to as Thot spot, Thot wall and Tcold wall for the lines A–C, respectively. 
In case (i), the three characteristic temperatures are measured as 
Thot spot = 326 K, Thot wall = 317 K and Tcold wall = 308 K. The addition of  
2% w/w Al2O3 nanoparticles into the PDMS in case (ii) reduces the 
temperatures along the lines A–C, as evidenced by dropping the three 
characteristic temperatures to Thot spot = 322 K, Thot wall = 313 K and  
Tcold wall = 307 K. Further increase of Al2O3 concentration to 10% w/w in 
case (iii) leads to further cooling of the system, and reduces the three 
characteristic temperatures to Thot spot = 318 K, Thot wall = 307.5 K and  
Tcold wall = 305.5 K. 
It should be considered that the system operates in a steady state 
mode, and thus the heat capacity change does not affect its performance. 
However, in a dynamic mode, the effect of the heat capacity decrease (from 
1.38 kJ kg−1 K−1 for case (iii)) should result in relatively faster temperature 
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5.3.8 Numerical simulations 
5.3.8.1 CFD simulation details at 40 µl min-1 
In order to calculate the variations of temperature within the microfluidic 
platform, the author solved the energy equations within the microchannel, 
PDMS or PDMS/Al2O3 nanocomposites, glass substrate, and heater. 
However, as the microchannel was filled with liquid, the energy equation 
was linked to the velocity of liquid flowing through it, and therefore the 
continuity and momentum equations should also be solved using existing 
equations in previous chapters [7]. 
For liquid inside the microchannel, PDMS or PDMS/Al2O3 
nanocomposites, glass substrate, and heater, the  Equations (3.4) to (3.6), 
(4.2), (4.4) and (4.1) were applied, respectively.  
 The boundary conditions applied for the microchannel include 
ambient pressure at the inlet, a flow rate of 40 µl min-1 at the outlet, and no-
slip at the walls. The temperature of the inlet liquid was set to ambient 
temperature while a fully developed condition was assumed at the outlet to 
calculate the temperature . The temperatures were coupled at the 
interface of microchannel-PDMS, microchannel-glass, PDMS-glass and 
heater-PDMS. It was assumed that free convection occurs at the external 











in which n is the vector normal to the surface, h is the free convection 
coefficient which is set to 10 W m-1 K-1 and  is the ambient temperature 
which is set to 298K. 
Simulations were conducted in three different cases to be in line with 
the experiments: (i) pure PDMS, (ii) PDMS/Al2O3 nanocomposte with  
2% w/w of Al2O3 nanoparticles, and (iii) PDMS/Al2O3 nanocomposte with 
10% w/w Al2O3 nanoparticles. 
5.3.8.2 CFD results at 40 µl min-1 
In addition, a comprehensive set of computational fluid dynamics 
(CFD) simulations were conducted to explore the variations of temperature 
at different locations of the system, including its internal cross sections, 
which cannot be measured using the thermal imaging camera. The 
simulations were conducted at a flow rate of 40 μl min−1, and using 
PDMS/Al2O3 nanocomposites with different Al2O3 concentrations of 0, 2 
and 10% w/w (Figure 5.5), as detailed in Section 5.3.8.1. 
Figures 5.11(a–c) illustrate the simulated temperatures across the 
bottom surface of the glass substrate, which are in line with the measured 
temperatures shown in Figures 5.10(d–f). The results clearly show the 
consistent decrease of temperature across the bottom surface following the 
incorporation of Al2O3 nanoparticles into the PDMS matrix, and also depict 
the different configuration of temperature contours along the two sides of 
the microchannel due to the presence of convective heat transfer within the 
microchannel. Figures 5.11(d–f) show the calculated temperature contours 
∞T
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across the external surface of PDMS/Al2O3 nanocomposites exposed to air. 
The results clearly show the improved propagation of heat throughout the 
system by increasing the concentration of Al2O3 nanoparticles. 
In Figure 5.11(d) the maximum temperature of the top and side walls 
is 311.2 K, however the majority of the surface experiences a temperature of 
298 K. In contrast, in Figure 5.11(f) while the maximum temperature of the 
top and side walls drops to 310 K the majority of the surface has a 
temperature of more than 300 K and thus can exchange heat with the 
surrounding air by means of free convection. Similar trends can be seen 
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5.3.9 Thermal performance of PDMS/Al2O3 nanocomposites at 
various flow rates 
To further understand the thermal performance of the system at different 
operating conditions, the author conducted thermal measurements at 
different flow rates of 10, 40 and 120 μl min−1 using various PDMS/Al2O3
nanocomposites with 0, 2 and 10% w/w concentrations of Al2O3
nanoparticles, which were referred to as cases (i)–(iii) (Figure 5.12). 
Thermal images are taken similar to those described for the case of 
40 μl min−1. Figures 5.12(a–c) show the temperature contours across the 
bottom surface of the glass substrate at a flow rate of 10 μl min−1. At such a 
low flow rate, the heat transfer inside the microchannel is governed by 
conduction (Péclet number = 0.0018), as evidenced by the symmetric 
propagation of temperature around the hot spot even after reaching the 
microchannel. In case (i), a peak temperature of 327 K was measured at the 
hot spot, which reduced to 323.5 K and 320 K, respectively for cases (ii) and 
(iii). Figures 5.12(d–f) show the temperature contours at the surface of glass 
substrate at a flow rate of 40 μl min−1. At this flow rate, heat transfer inside 
the microchannel is governed by both conduction and convection (Péclet 
number = 0.0074), as evidenced by stretching of temperature contours after 
reaching the microchannel. In case (i), a peak temperature of 326 K was 
measured at the hot spot, which dropped to 322 K and 318 K, respectively 
for cases (ii) and (iii). Finally, Figures 5.12(g–i) show the temperature 
contours at the surface of the glass substrate at a flow rate of 120 μl min−1. 
At such a high flow rate, heat transfer inside the microchannel is governed 
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by convection (Péclet number = 0.0222), as evidenced by vanishing the 
green temperature contours after reaching the microchannel. 
In case (i) a peak temperature of 324 K was measured at the hot spot, 
which reduces to 320 K and 318 K, respectively for cases (ii) and (iii). For 
further comparison, Figure 5.12( j) depicts the variation of temperature 
along a line A which passes through the middle of the heater. Interestingly, 
the microfluidic system with 10% w/w Al2O3 nanoparticle operating at a low 
flow rate of 10 μl min−1 is 4 K colder than the system with pure PDMS at a 
high flow rate of 120 μl min−1. This is significant as the incorporation of 
PDMS/Al2O3 nanocomposite removes the need of high flow rate for cooling 
of microplatforms (see Figure 5.13 for comparing the variation of 
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In this chapter, the author fully investigated the properties of PDMS/Al2O3
nanocomposites in terms of their structural and thermal properties. After 
mixing the Al2O3 nanoparticles with the PDMS base and adding the curing 
agent the mixture was curable even at 10% w/w nanoparticles 
concentrations. After thermal curing, the resulting nanocomposite also 
retained its elasticity. Consequently, the author demonstrated the thermal 
performance of simple microfluidic platforms, using the developed 
PDMS/Al2O3 nanocomposites with improved thermal conductivity. The 
measurements indicated that the addition of Al2O3 nanoparticles into the 
PDMS matrix enhanced the thermal conductivity of the matrix from 
0.152 W m−1 K−1 for the case of pure PDMS to 0.294 and 0.364 W m−1 K−1, 
for the cases of PDMS/Al2O3 nanocomposites with 2 and 10% w/w 
concentrations of nanoparticles, respectively. 
This improved the heat transfer within the system and reduced the 
temperature of the hot spot from 326 K for the case of pure PDMS to 322 K 
(4 K reduction) and 318 K (8 K reduction), for the cases of 2% and 10% 
w/w Al2O3 nanocomposites, respectively, when deionized water flows 
through the microchannel at a rate of 40 μl min−1. Similar trends were 
observed at the flow rates of 10 and 120 μl min−1. The experimental 
techniques reported here should be readily applicable to other 
nanocomposite materials for investigating their thermal performance. This 
proof-of-concept study reveals that nanocomposites made of highly 
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thermally conductive nanoparticles, could contribute to development of 
advanced materials with superior thermal properties for cooling of future 
microelectronics. 
In the next chapter the author will present a summary of her PhD 
thesis and discusses future works related to her PhD research project. 
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Conclusions and future works 
 
6.1 Concluding remarks 
 
The author’s vision for this PhD research involved the incorporation of 
thermally conductive nanoparticles to enhance heat transfer performance of 
the microfluidic systems.  
 The PhD candidate pursued two different methodologies for 
achieving the goals of this research. (1) for enhancing the heat transfer from 
the liquid coolants in microfluidic systems, suspended nanoparticles were 
formed into bundles of establishing nanofin heat sinks (2) the overall 
thermal conductivity of  incorporated microfluidics was also enhanced by 
integrating nanoparticles into the polysimethylsiloxane (PDMS) 
microfluidic structures. Moreover, in this PhD research, the author also 
developed the idea of infrared (IR) camera implementation for mapping and 
imaging the variations of temperature in real-time across the microfluidic 
platforms. The high resolution IR camera allowed thermal image 
investigations of microfluidics at spatial dimensions that otherwise would 
have been impossible. 
To achieve the goals of this PhD research, the author planned and 
carried out the investigations in four consecutive stages. In the first stage, 
the author investigated the cooling properties of microfluidics with 
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thermally conductive Al2O3 nanoparticles suspensions. The PhD candidate, 
for the first time, used a high resolution IR camera for such measurements 
and imaging. Parameter including flow rates and concentration of 
nanoparticles in microfluidics were comprehensively investigated to 
determine the optimum values for the most efficient hot spot cooling 
conditions. Subsequently in the second stage, in order to increase the heat 
transfer rates of nanoparticles suspensions, the author introduced a new 
concept based on dynamically formed bundles of magnetic nanoparticles 
(this time thermally conducting CrO2) into nanofin heat sinks on demand. 
The establishment of nanofins increased the heat conduction from the hot 
spots and effectively exchanged heat with the coolant liquids via the 
microfluidic channels. In the third stage, the author extended the 
investigations in the second stage of the research project, by exploring the 
influence of two different types and morphologies of nanoparticles (nano-
rod shape CrO2 and spherical Fe2O3) when creating nanofin heat sinks. The 
author demonstrated the enhanced heat transfer could be more efficiently 
achieved by long morphology of CrO2 nanoparticles. Finally, in the fourth 
stage of this PhD research project, the author embedded Al2O3 nanoparticles 
into the microfluidic structures to obtain highly thermally conductive 
microfluidic platforms for improving the overall thermal conductivity of the 
system around the nanofluid coolant.  
 The major findings of the four stages of this PhD research project are 
summarized as follows: 
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6.1.1 Stage 1 
o In the first stage, the author demonstrated the heat transfer
enhancement of a true microfluidic system using Al2O3 nanofluids
and DI water as a reference. Temperature profiles were extracted
from the IR images for studying the thermal performances across the
microfluidic systems with an embedded heater to produce hot spot.
o Various concentrations of Al2O3 (0, 1 and 2.5% w/w) suspended in
DI were tested. The IR images were invaluable to demonstrate the
temperature profiles and accurate changes of temperatures that Al2O3
nanofluids could produce in the microfluidics. It was also observed
that increasing the flow rates of the suspensions from 10 to
120 µl min-1, the temperature drop along the centerline of
microchannel was significantly decreased, indicating the
enhancement of convection within the microchannel at higher flow
rates.
o Three dimensional numerical simulations were conducted for
comparisons. Simulated results indicated that temperatures along the
centerline of the microchannel are in excellent agreements with the
IR imaging measurements.
o To the best of the author’s knowledge, this was the first
demonstration of thermal analysis of nanoparticle suspensions in
microfluidic systems at low Reynolds numbers using a high
resolution IR camera.
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o Overall, this first stage work was significant as it reflected practical
parameters and methods for assessing microfluidic cooling platforms
and that can be potentially used as a proof-of-concept universal
approach for thermal management investigations in future
microelectronics.
6.1.2 Stage 2 
o In this stage, the author introduced nanotechnology-enabled flexible
nanofin heat sinks dynamically formed from thermally conductive
magnetic nanoparticle suspensions (nano-rod CrO2 suspended in
Mili-Q water) within a microfluidic platform.
o The author demonstrated the trapping mechanisms of CrO2 onto a
side wall of the microfluidic channel at various magnetic field
strengths and flow rates (10, 20 and 40 μl min−1). It was shown that
the increased magnetic field strength (by increasing the applied
current to the magnetic coil) increased the average length of CrO2
based nanofins along the microchannel side wall. However, the
growth of nanofins decelerated after 5 min and saturated after
10 min. Additionally, the increase of flow rate enhanced the total
number of CrO2 nanoparticles passing through the microchannel,
therefore increased the amount of nanoparticles formed chains and
docked to the microchannel side wall near the coil. On the other
hand, increasing the flow rate also led to larger hydrodynamic drag
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force, decreasing the likelihood of further CrO2 nanoparticles 
trapping.  
o The author characterized the thermal performances with and without
the CrO2 nanofin layers at the fixed flow rate of 40 μl min−1. It was
found that the existence of nanofins increased the maximum
temperature of the liquid from 46.4 ° C (without fins) to 50.9 ° C
(with fins) along the microchannel side wall near the heating coil,
and increased the maximum temperature on the opposite wall from
39.2 ° C (without fins) to 44.4 ° C (with fins), respectively. This
showed that nanofins were capable of conducting heat from the hot
spots more efficiently than the non-manipulated nanofluids and
transferred it into the liquid. The flexible structure of nanofins
allowed smoother passage of liquid surrounding them, resulting in
more efficient in convective heat transfer.
o For the first time, the author demonstrated thermally conductive
flexible nanofins which were capable of storing and releasing the
thermal energy to function as dynamic heat sinks for cooling of hot
spots within microfluidic systems.
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6.1.3 Stage 3 
o In this stage the author continued the research project of the Stage 2
by investigating the effect of nanoparticles’ morphologies and types
when magnetophoretically constructed into nanofin heat sinks for hot
spots cooling in microfluidics.
o The author conducted experiments by applying permanent magnet to
trap nano-rod CrO2 and spherical Fe2O3 at different flow rates
(10-120 µl min-1) along the microchannel side wall near the hot spot.
It was found that the nanofins were stable and their formations did
not significantly alter by increasing the flow rate for both cases.
o It was concluded that CrO2 nanoparticles, with a higher thermal
conductivity, and especially rod-shaped morphologies, resulted in
nanofins with better cooling performance than that of those based on
Fe2O3.
o This investigation was the first demonstration on how the type and
morphology of nanoparticles could affect heat sinking properties of
nanofins for cooling applications in microfluidics.
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6.1.4 Stage 4 
o In the final stage, the author used thermally conductive nanoparticles
for cooling of hot spots in microfluidics by embedding Al2O3
nanoparticles into PDMS which was used for the fabrication of
microfluidic systems. This was carried out to increase the overall
thermal conductivity of the microfluidics made of such
nanocomposites in comparison to conventional pure PDMS
microfluidic platforms.
o Different concentrations of Al2O3 (≤ 10 % w/w) were added into the
PDMS to from the desired nanocomposites. Their structural and
thermal performances were then fully investigated. It was determined
that the resulted nanocomposite formed even at 10% w/w Al2O3
concentration was thermally cured, and also retained its elasticity.
o Moreover, the thermal performances of the microfluidic platforms
constructing from the PDMS/ Al2O3 nanocomposites enhanced the 
thermal conductivity of the platforms from 0.152 W m-1 K-1to  
0.364 W m-1 K-1 for the cases of pure PDMS and the 10% w/w 
concentration of Al2O3 nanocomposites, respectively. These results 
indicated the enhancement in heat transfer within the platform and 
thus reducing the temperature of the hot spot from 326 K for the case 




o The research conducted by the author in this stage was the first 
demonstration of microfluidic systems made of thermally conductive 
nanocomposites for cooling of hot spots.   
 
To conclude, this PhD research project successfully created new knowledge 
and ideas for cooling applications in microfluidic systems. In the 
confirmation of this claim, the outcomes of this PhD research were 
published in prestigious peer reviewed scientific journals. A complete list of 
the publications by the author since the beginning of her PhD research 
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6.3 Recommendations for future works 
 
Significant progress in the field of microfluidic cooling systems was made 
during course of this PhD project, however the author feels that there still 
exists numerous opportunities for continuing research in alignment with 
those presented in this thesis, and recommends the following as future 
works: 
o The preparation technique of nanofluids is extremely important for 
the stability, thermal and hydrodynamic properties of nanofluids, thus 
further investigations in this area are highly recommended. 
Moreover, for open or closed-loop systems, it is important that the 
used nanofluid still maintains those properties and can be re-applied 
to the systems without showing any signs of nanoparticles’ 
sedimentation or aggregation, which hampers the passage flow in the 
systems. Additionally, the suspensions of nanoparticles are stable if 
they are less than 5% w/w. Although, the solutions with such weight 
percentage are quite stable, it is recommended that they should be 
sonicated for at least 20 minutes before used to minimize any 
aggregations.  
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o Although, the magnetophoretic system can effectively direct and
construct nanofin heat sinks near the hot spots, the time taken for
nanofins to be formed is in the order of minutes. For some
applications where the heat is required to reduce spontaneously or
frequently, this approach is inadequate. Other forces such as optical,
acoustic and dielectrophoresis (DEP) can alternatively be used to
allow a faster and more precise control of nanoparticles, which can
directly form bundles onto the localized hot spots, exchange and
release heat immediately via the microchannels.
o It is possible to fabricate microfluidic channels by establishing
roughened surfaces of various morphologies onto the channel walls
in order to further increase the heat transfer rate for the systems.
o So far, in this PhD research, the temperature of the hot spot has been
reduced by 10 K. This is not a sufficient temperature reduction for
practical high power microchips. As a result, the author of this thesis
suggests that the implementation of highly thermally conductive
nanoparticles (such as gold and silver nanoparticles as well as
carbon-nanotubes) should be considered. For such non-magnetic
nanoparticles, the implementation of electric and mechanical fields
instead of magnetic field should be investigated.
o Microfluidic systems based on nanocomposites of thermally
conductive nanoparticles showed enhanced heat transfer properties
across their platforms. However, further study is required to explore
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the more advanced possibilities including the investigation of various 
types and morphologies of nanoparticles.  
o The heat transferred technique applied in this thesis is being
performed in 3D, and therefore this method has the potential to be
implemented for cooling of 3D IC structures.
